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Abstract 
Over the last decades, robotic devices for neurorehabilitation have been developed with the aim of 
providing better and faster improvement of motor performance. These devices are being used to help 
patients repeat movements and (re)learn different dynamic tasks. Over the years, these devices have 
become bigger and more complex, so as to provide the end user with a more realistic and 
sophisticated stimuli while still allowing the experimenter to have control over the interaction forces 
that can potentially shape the motor behaviour. However, experimental results have shown no clear 
advantage of these complex devices over simpler versions. In this context, this thesis investigates 
sensory-motor processes of human interaction, which can help us understand the main issues for 
rehabilitation devices and how to overcome the limitations of simple devices to train particular motor 
behaviours. 
Conventional neurorehabilitation of motor function relies on haptic interaction between the 
patient and physiotherapist. However, how humans deal with human-human interactions is largely 
unknown, and has been little studied.  In this regard, experiments of the first section of the thesis 
investigate the mechanisms of interaction during human-human collaborative tasks. It goes from 
identifying the different strategies that dyads can take to proposing methods to measure and 
understand redundancy and synchrony in haptic interactions. It also shows that one can shape the 
interaction between partners by modifying only the visual information provided to each agent. 
Learning a novel skill requires integration of different sensory modalities, in particular vision and 
proprioception. Hence, one can expect that learning will depend on the mechanical characteristics of 
the device. For instance, a device with limited degrees of freedom will reduce the amount of 
information about the environment, modify the dynamics of the task and prevent certain error-based 
corrections.  To investigate this, the second section of the thesis examines whether the lack of 
proprioceptive feedback that is created due to mechanical constraints or haptic guidance can be 
substituted with visual information.  
Psychophysical experiments with healthy subjects and some preliminary experiments with stroke 
patients presented in this thesis support the idea that by incorporating task-relevant visual feedback 
into simple devices, one could deliver effective neurorehabilitation protocols. The contributions of the 
thesis are not limited to the role of visual feedback to shape motor behaviour, but also advance our 
understanding on the mechanisms of learning and human-human interaction. 
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1 Introduction 
“Everything may die, nothing may be regenerated. It is for the science of the 
future to change, if possible, this harsh degree” 
Santiago Ramon y Cajal (1852-1934) 
Overview – In the last decades, robotic developments for the impaired have increased 
significantly in both quantity and complexity; this, without clear evidence to support the 
extent of complexity in terms of better therapeutic outcomes. The study on human 
sensory-motor interactions will help us shed light on human motor control in health and 
consequently will give us insights on how to reduce complexity of current devices without 
compromising recovery in injury. This chapter is intended to provide the motivational 
foundations behind the topics of study presented in this thesis and the outline of the 
present report.  
1.1 The motivation 
Neurological disorders (including traumatic brain injury, multiple sclerosis, cerebral palsy) and stroke 
affect hundreds of thousands of people every year. Stroke, for instance, affects an estimated 150,000 
people in the UK each year. The direct cost of it to the National Health Service (NHS) is estimated to 
be £2.8 billion, the cost to the wider economy is £1.8 billion and the informal care cost is £2.4 billion. 
Moreover, stroke patients occupy around 20 per cent of all acute hospital beds and 25 per cent of long 
term beds (The-Stroke-Association, 2007). From these figures, it is indubitable that simple, affordable 
and efficient solutions for rehabilitation of patients affected by stroke or neurological disorders are 
required. 
Neurological manifestations will vary depending upon the disorder or the location of the stroke 
lesion (Teasell et al., 2007), but most common disabilities requiring rehabilitation are hemiparesis or 
hemiplegia. There exists a wide range of physiotherapeutic methods for the treatment of these 
disabilities: manual techniques improve posture as well as alignment of tissues to avoid spasticity and 
rigidity; soft tissue techniques stretch and mobilise tissues aiming at promoting movement and 
avoiding stiffness; muscle strength techniques focus on progressive resistance exercises and electrical 
stimulation; other techniques may include re-education of balance, walking and activities of daily 
living (ADL) skills. 
A current trend in neurorehabilitation: Robot-assisted therapy 
Robotic devices for the hemiparetic upper-limb neurorehabilitation have been developed during the 
last decades aiming at providing better and faster recovery. These dedicated robots can provide 
different modes of assistance including passive, i.e. the robot moves the patient’s limb without any 
voluntary intention from the patient (e.g. Volpe et al., 2000; Lum et al., 2002); active-assistance, i.e. 
Introduction 
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the robot helps the patient if he/she is not able to perform the movement (e.g. Fasoli et al., 2003; 
Hesse et al., 2003; Kahn et al., 2006); active-constrained, i.e. the robot help the patient to move 
towards the target only if the patient produces forces in the correct direction (e.g. Kahn et al., 2006); 
counterpoise-assistance, i.e. the robot compensate for any passive forces resisting movement of the 
arm, for instance gravity or the arm’s tone, and let the patient do as much as possible to perform the 
task (e.g. Reinkensmeyer et al., 2000b); resistive, i.e. the robot provides resistance while the patient 
try to move its limb (e.g. Fasoli et al., 2003); error-amplifying (e.g. Patton et al., 2001); and/or 
bimanual modes (e.g. Lum et al., 1995; Lum et al., 1993; Hesse et al., 2003). Each of these modalities 
has different effects on the patient. Passive range of motion, for instance, helps to maintain range, 
flexibility, and temporarily reduce hypertonia (stiffness); however, it has been demonstrated that 
robotically assisted completion of movement for a chronic subject does not have a strong therapeutic 
benefit (Kahn et al., 2006). On the other hand, resistance exercises seem to improve the patient’s 
motor outcome since it encourages the patient to actively participate in the therapy. 
Kahn and colleagues also analysed how different modalities of RT may affect in the patient’s 
motor outcome. They compared the reach extend outcomes of the MIME robot vs. the ARM Guide 
vs. Conventional Therapy. MIME therapy was the only therapy that improved the reach extend. The 
authors argued that the improvement with the MIME robot was not to because it performs bilateral 
training, but because it implemented a different modality of training (counterpoised‐assistance). They 
concluded that this kind of training forced the patients to not only activate muscles to move the limb 
but also tried to activate muscle groups in appropriate combinations. 
In general the following characteristics can be summarised regarding the outcomes on studies of 
robot-assisted neurorehabilitation (Hogan et al., 2006): 
• Passive movement is insufficient and active participation of the patient is required. 
• Progressive training based on patient-specific measures of movement coordination gives better 
outcomes. 
• The form of RT may be more important than its intensity. 
• Movement is not the only thing that matters, the correct training in muscle activation timing 
has therapeutic effects (e.g. guided-force therapy). 
• Motivation of the patient can be greatly influenced by robots. 
• RT can maximise the patient’s effort to activate damaged efferent pathways by means of 
different therapy modalities. 
• Muscle strengthening offers no advantage over movement training. 
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Are complex robots really needed? 
There is strong evidence that sensorimotor training with these robotic devices improves upper 
extremity functional outcomes, and motor outcomes of the shoulder and elbow (Foley et al., 2007). 
Nonetheless, the role of how the robot assists the patient in improving the motor function is still 
vague. Kahn et al.  (2006) performed a study to determine whether or not similar benefits can be 
achieved with simpler, less expensive, non-robotic technology that facilitates movement practice. 
Kahn’s study was encouraged by the fact that previous studies in robotic therapy (RT) had not been 
accurate enough to determine which of the rehabilitation process is more beneficial: the process of the 
patient trying to move or of the robot applying forces to the patient’s arm. In their study, two 
rehabilitation therapies were compared: RT with the ARM Guide (RT group) vs. conventional 
therapy (control group). Chronic patients in both groups were asked to perform reaching movements. 
Patients in the RT group were assisted by the ARM Guide to perform the movement when they were 
unable to complete the task; the patients were also encouraged to minimise the amount of robot 
assistance. Conversely, patients in the control group did not receive any kind of assistance. The 
results of this study showed that subjects who were in the RT group exhibited improved arm 
movement ability similar to that of subjects in the control group. These results indicate that, for 
chronic patients, movement practice is more related to rehabilitation rather than robotically assisted 
completion of a movement. However, if dedicated robots enable to increase the amount and intensity 
of physiotherapy, this will likely improve the motor conditions of neurological patients (Kwakkel, 
2006; Kwakkel et al., 2004). 
 
Figure 1.1 – Over the last decades, the number and complexity of robotic devices for rehabilitation has
increased dramatically 
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Over the last decades we have seen tremendous advances in technology which have facilitated a 
quasi-exponential increase in the development of robots for neurorehabilitation (see Figure 1.1). These 
devices have also become more complex, aiming at providing the user with the most possible realistic 
experience. However, most of these developments end up being too complex for patients to use and do 
not move out from a laboratory/university environment. Do we really need this level of complexity to 
efficiently promote motor recovery in physical therapy of neurological patients? In this regard, at the 
Human Robotics group (Imperial College of Science, Technology and Medicine, London, UK) we work 
on the development of devices that allow overcoming complexity, low portability and high cost of 
current robots for neurorehabilitation of the upper limb (Figure 1.2). 
From neuroscience to neurorehabilitation 
The field of neurorehabilitation has much in common with the field of motor control/learning. In 
the last decades, findings on robot-assisted neurorehabilitation studies correspond to some of the 
outcomes of motor learning studies (see Patton et al., 2001; Reinkensmeyer and Patton, 2009; 
Krakauer, 2006). Neurorehabilitation is a term that relates to methods and technologies for promoting 
neuroplasticity and maximise the function of impaired sensory-motor processes after a central nervous 
system injury (Popovic et al., 2002) thus modifying the capabilities of the patient to move. I believe 
that by understanding the mechanisms of learning and physical interactions, we will become able to 
develop truly efficient neurorehabilitation protocols and devices that are addressed to the particular 
needs of the individual. Therefore, the goal of my PhD was to investigate some fundamental process 
of sensory-motor interactions. The understanding of these processes could give us insights on how to 
 
Figure 1.2 – One of the main goals of the Human Robotics group at Imperial College London is to develop
simple, yet efficient devices for rehabilitation that could be used in a decentralised way, i.e. at small
rehabilitation centres or at home. 
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reduce the level of complexity of current devices for neurorehabilitation without compromising 
recovery. 
The first topic investigated in this thesis is on human-human physical interaction. 
Physiotherapists training with stroke patients constitute a common example of human-human 
physical interaction that is use to support motor skill acquisition. Yet, our understanding of how 
information is communicated through interaction forces during human-human collaborative tasks 
remains limited. The first part of this work thus investigates the different strategies two physically 
interacting humans (dyad) take when performing collaborative tasks, and how we can impose a 
particular dyad behaviour by means of implicit cues. 
The second topic corresponds to visual cues to substitute for proprioceptive information. Although 
the idea of developing simple, low-cost, portable rehabilitation devices looks promising, many 
questions arise when looking at these. For instance, would the learning in a limited DOF environment 
be sufficient to transfer the skills in real life? What kind of feedback is necessary for the task to be 
learnt efficiently in this environment? The second part of this work addresses these questions.  
1.2 Thesis structure 
In summary, the present thesis is concerned both with the investigation of the mechanisms of 
physical interactions during human-human collaborative tasks (Part I) and with the investigation of 
visual feedback techniques to compensate for the lack of proprioception (Part II).  Given the 
interdisciplinary nature of this thesis, each chapter is designed to be self-contained, providing a 
corresponding background and research question at the beginning of each, and discussion/conclusion 
section at the end. This thesis consists of seven chapters organised as follows: 
Part I – Investigating human-human physical interactions  
Chapter 2 introduces a simple yet versatile device that was built to investigate the mechanisms of 
physical human-human interactions. This chapter is intended to familiarise the reader with the 
experimental tool that was used to perform psychophysical experiments presented Chapters 3 and 6. 
It also presents a brief review on existing tools for the study of human-human tasks.   
Chapter 3 investigates the different strategies that dyads take in order to complete a 
collaborative task. The main research question of this chapter is: Given the inherent redundancy of a 
dyad system, is there a preferred strategy that dyads adopt?  
Part II – Investigating visual cues to compensate for proprioception 
Chapter 4 presents the fundamental motives for the experiments in Chapter 6 and 7. In 
particular, it investigates the extent of lateral variability during daily activities such as pick-and-place 
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tasks, drinking and eating. It also presents a pilot test on stroke patients to investigate the extent of 
lateral force produced by patients when moving along a constrained path. 
Chapter 5 investigates the use of visual cues to compensate the lack of proprioception when 
moving in constrained environments. The main research question of this chapter is: Is it possible to 
learn to compensate for novel dynamics without the proprioceptive error driving adaptation? If so, is 
visual feedback sufficient to drive adaptation? 
Chapter 6 investigates the influence of context-dependant visual cues on the modulation of 
muscle co-activation. The main research question of this chapter is: Is visual feedback sufficient to 
encourage impedance control? 
  
Last, Chapter 7 summarises the contribution of the thesis and gives an outlook on possible 
implications of this work in the field of neurorehabilitation; it also presents more promising extensions 
of this work. 
1.3 Publications and MSc. thesis supervisions 
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metric for quantifying movement smoothness (*Authors contributed equally). IEEE Transactions on 
Biomedical Engineering. 
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Peer-reviewed conference papers 
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for disturbance attenuation in human-human collaborative tasks (*Authors contributed equally). Engineering 
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robot to train reaching and manipulation. IEEE/RSJ international conference on Intelligent robots and 
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YEONG*, C. F., MELENDEZ-CALDERON*, A. & BURDET, E. (2009), Analysis of Pick-and-place, Eating and 
Drinking Movements for the Workspace Definition of Simple Robotic Devices (*Authors contributed equally). 
IEEE 11th International Conference on Rehabilitation Robotics, Vols 1 and 2, 54-60. 
Abstracts 
MELENDEZ-CALDERON, A., KOMISAR, V., GANESH, G. & BURDET, E. (2011c), Mechanisms of collaboration 
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Manuscripts in preparation 
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ARICHI, T., MORAUX, A., MELENDEZ, A., DORIA, V., GROPPO, M., MERCHANT, N., COMBS, S., 
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Somatosensory cortical activation identified by functional MRI in preterm and term infants. Neuroimage, 49, 
2063-71. 
Abstracts (extra) 
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2 Hi5: Dual-wrist device for the study of human-human 
interaction  
“Beauty of style and harmony and grace and good rhythm depend on simplicity” 
Plato (428 BC-348 BC) 
“In my country, they would go crazy for these two... High five! “ 
Borat Sagdiyev (1972 -????) 
Overview – One of the goals of this thesis is to investigate the mechanisms of human-
human interaction during collaborative tasks. Previous groups doing research in this topic 
have suggested simplified motor tasks involving dual robotic interfaces. However, these 
interfaces involved arm movements with a high degree of kinematic and muscle 
redundancy. This chapter introduces a simple, yet versatile dual-wrist robotic interface, 
Hi5, that allows us to investigate the motor processes behind human-human (and 
bimanual) interaction control (see Chapters 3 and 6), and avoid confounds inherent of arm 
movements. This chapter presents the design of Hi5 and the implemented safety measures 
as is intended to provide an overview of the experimental tools used in further experiments. 
Performance tests then demonstrate its capacity to yield high dynamics, and exhibit low 
values for inertia and friction. Preliminary experiments presented later chapters show how 
Hi5 allows us to analyse the specific kinematic, torque and muscle activation patterns of 
each partner and disambiguate their roles in force and impedance control. Parts of this 
chapter have appeared in (Melendez-Calderon et al., 2011a). 
2.1 Introduction 
Examining the mechanisms of human-human haptic interaction during real-world activities involves 
difficult challenges due to the complex control requiring coordination of the redundant muscle 
systems, multi-joint coupled nonlinear dynamics, etc. To avoid confounds, and focus on human-human 
interactive control, a few recent studies (Reed and Peshkin, 2008; Shergill  et al., 2003; Sallnas and 
Zhai, 2003; Feth et al., 2009) have suggested simplified motor tasks involving dual robotic interfaces.  
For instance, Reed and Peshkin (2008) designed a two-handled crank mechanism, which allowed them 
to study point-to-point movement in a simple yet controlled environment. Their interface was 
equipped with a central actuator, which enabled them to replace one partner by emulating a 
corresponding control strategy using a synthetic algorithm. 
Using two linear actuators and individual displays placed in front of the partners enabled Feth et 
al. (2009) to implement more complex protocols based on lateral arm movements. The authors studied 
how two subjects collaborate in tracking a laterally moving target, when the lateral movement was 
displayed horizontally and the time vertically. The computer-controlled connection between the 
partners was used to study the effect of time delay in the transmission. Similarly, Stefanov et al. 
(2009) used the same system to investigate the different roles each partner take during a collaborative 
task.  
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These previous studies have given us important insights on the way humans collaborate at the 
level of haptic interactions; but we are still far from understanding how the central nervous systems of 
the dyad deal with mechanical noise and instability. Attenuation of such perturbations typically 
occurs from mechanical impedance due to muscle properties and reflexes (Ganesh et al., 2011a). While 
an individual controls the endpoint impedance through coordinated muscle activations (Franklin et 
al., 2003b; Burdet et al., 2001), in an interaction task performed by two subjects it can be controlled 
using various strategies between the partners, including co-contraction by one partner, pulling or 
pushing together, etc. Therefore, a dyad system has, in addition to the kinematic redundancy, a large 
muscle redundancy, both of which need to be examined. 
A simple way to investigate the modulation of impedance is to study force and muscular activity 
using electromyography (EMG) (Franklin et al., 2003b). Dual interfaces used in previous literature 
(Reed and Peshkin, 2008; Shergill  et al., 2003; Sallnas and Zhai, 2003; Feth et al., 2009) use arm 
movements, on which EMG activity would be complicated to analyse systematically. This prompted 
us to develop Hi5, a dual-wrist robotic interface for the study of haptic interaction. To simplify study 
of muscle control and redundancy, we decided to focus on wrist flexion/extension movements. The 
proposed system allows implementation of computer-controlled dynamic conditions and record 
interaction forces and EMG signals of both partners in a reliable way during the course of 
collaborative tasks. This chapter first presents the design and performances of Hi5, and then describes 
some experimental paradigms we have used to explore the study of interaction control in human-
human collaborative tasks.  
2.2 Hi5 System 
The system consists of two wrist interfaces fixed to a table on which subject(s) place their arm, hold a 
handle and interact with wrist flexion/extension movements as illustrated in Figure 2.2. One of these 
interfaces (green) is equipped with a DC motor that allows the experimenter to program external 
torques to the wrist joint. The second interface (yellow) has no motor in the version presented in this 
paper but can be equipped with a similar actuator as the other interface, depending on the target 
experiment. Both interfaces are equipped with the same set of sensors for redundant safety and to 
allow control of both hands with a second actuator. 
Two 22” monitors, one in front of each device, allow presentation of independent visual feedback 
to the subjects.  Depending on the experimental requirements, the subjects can be provided with 
visual cues indicating their wrist position, the applied force, movement performance or muscle activity 
during the task. In a typical experimental setup, subjects stand on a height-adjustable platform and 
are asked to perform some simple tasks like moving their hand from a start to target position, or 
track a moving target, while the robot applies external torque or position perturbations. Hearing 
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protections are worn by both participants, and a black curtain is used to separate them to minimise 
non-haptic interactions. 
Both interfaces are fixed to a table allowing configurations for both human-human and bimanual 
experiments (Figure 2.2). The two interfaces are mechanically coupled with an interchangeable carbon 
fibre tube (ØID = 12 mm, ØOD = 14 mm), so both hands experience the same external perturbations. 
For human-human interaction experiments the two interfaces are coupled by a 1 m long tube allowing 
sufficient distance between the partners. For bimanual experiments a 35 cm or 45 cm tube can be 
used to accommodate the subject’s anthropometry. In contrast to a computer-controlled connection, 
which might attenuate high frequencies and suffer delays, this direct and stiff mechanical coupling 
between the interfaces enables an optimal transmission of interaction forces between the partners. 
However, Hi5 is designed such that an additional actuator can be added to the yellow device; the 
interconnecting carbon fibre tube is then removed and independent control is implemented on each 
 
Figure 2.2 – Examples of setup configurations for the versatile Hi5 system: for human-human interaction
experiments using a rigid mechanical coupler (right), or for bimanual experiments with independent control
between devices (left). 
 
Figure 2.1 – Overview of Hi5. The figure shows the partners of a dyad performing a collaborative tracking task
by holding handles, mechanically coupled via a carbon fiber tube. Surface EMG, interaction torques and 
kinematic data is recorded from both participants. Subjects are separated by about one meter and by a
curtain, and wear hearing protection to avoid non-haptic interactions. 
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device. This enables investigating how subject-specific dynamic conditions affect the collaborative 
behaviour, e.g. when a partner suddenly receives higher perturbations, reaction to transmission delay 
in noisy environments, etc.  
2.2.1 Mechanical specifications 
An ideal device for motor learning/control experiments would be backdriveable, have low friction, low 
inertia, low backlash, and a high force bandwidth. To achieve backdriveability, the use of highly 
geared motors is to be avoided, and direct drive actuation was thus selected. Further, biomechanical 
factors were taken into account to determine the optimal actuator for our device. Delp et al. (1996) 
reported that wrist flexors can provide torques ranging from 5.2 to 18.7 N·m (mean ± std = 12.2 ± 3.7 
N·m; 10 healthy males, aged 23-33 years) while extensors from 3.4 to 9.4 N·m (mean ± std = 7.1 ± 2.1 
N·m). Based on this, we considered that a wrist torque of 10 N·m was sufficient for our purposes. 
A DC motor (MSS8, Mavilor) capable of producing a peak torque of 15 N·m (Tmax) was chosen for 
our system. The motor is current-controlled using a DC brush motor amplifier (413C, Copley). Each 
interface is equipped with a 5000 cpr differential encoder (RI 58-O, Hengstler). These two encoders 
enable the implementation of redundant safety measures, and are both used in the version with two 
actuators. A torque sensor (TRT-100, Transducer Technologies) with a measuring range of 100 in·lbs 
(11.29 N·m) is mounted between the rotating shaft and the handle on each device. We note that two 
sensors are necessary to record individual torques in the separated configuration as well as in the 
joined configuration, as for example both (-2 N·m, 3 N·m) and (-4 N·m, 5 N·m) yield 1 N·m 
interaction torque. 
To minimise the system’s inertia, we first estimated that wrist flexion/extension range of motion 
can vary between 120° to 140°, then calculated the minimum distance needed between the wrist’s 
centre of rotation and the carbon fibre tube joint allowing this movement range. High-quality ABEC-
5 ball bearings were selected to minimise friction and backlash in the system.  
2.2.2 Ergonomic aspects 
Two main aspects are considered in the design of the handle: i) Its position can be adjusted in order 
to align both the wrist and the fingers are mechanism’s centre of rotation; ii) Ergonomic finger shape 
to minimise finger contractions when stiffening the wrist joint. The latter is important in order to 
minimise artifacts in the EMG recordings due to finger flexion. To achieve this, the handle shape 
constrains the subject’s hand such that the slightly flexed and abducted (Figure 2.3a); this position 
makes finger flexion difficult and therefore forces the subject to use mostly wrist flexors/extensors 
muscles.  
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Since joints are controlled by a redundant system of muscles, it is important to monitor muscles 
activation in order to obtain a complete picture of movement learning and control. Our setup is 
designed such that EMG recordings can be performed easily on Flexor/Extensor Carpi Radialis and 
Ulinaris (Figure 2.3b). The muscle activity of the subjects is monitored using a medically certified 
non-invasive 16-channel sEMG amplifier (g.BSamp+g.LADYBird+g.GAMMABox, g.Tec,). As 
subjects interact with the device standing on a height-adjustable platform, the 16-channel sEMG 
system allows to the  monitoring of EMG activity not only from muscles performing the task, but also 
from proximal muscles. This enables the monitoring of inadequate postures and identification of 
artifacts from the recorded EMG data.  
2.2.3 Real-time configuration 
The system is controlled using Labview Real-time v10.0.  A dedicated computer (target PC) running 
on a Real-Time OS reads the sensor inputs, processes them, and sets the outputs (motor command to 
the servo amplifier, emergency latch) through a data acquisition card (DAQ-PCI-6221, National 
Instruments) under a 1 kHz loop. Data can be saved at either 1 kHz or at a selected lower frequency 
in the target PC. A graphical user interface on which the experimenter monitors the subjects’ 
performance is implemented on a second computer (host PC) that runs on Windows 7. Data is sent 
from target to host PC at 66.6 Hz via an Ethernet network. The host PC is equipped with a two 
dual-graphics cards (NVIDIA Quadro NVS 295) that allows independent control of four displays (two 
a)  
b)  
Figure 2.3  –  a) Handle characteristics: i) Adjustable position for wrist joint alignment, ii) finger separation
and concave shape to minimize finger flexion when an increase in the wrist joint stiffness is required, iii) easy
to remove and change handles, iv) low-weight material. b) Separate adjustable supports for both elbow and
forearm facilitate the measurement of clean EMG. This also enables user-specific adjustments that minimize 
incorrect postures that could potentially introduce artifacts in the EMG recordings. 
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for the experimenter and one each for the two participants). This system configuration is aimed at 
attaining a high level of determinism and minimum amount of jittering; this is achieved by carefully 
splitting processing tasks into various loops with different levels of priority manual CPU task 
assignments as shown in Figure 2.4. 
2.2.4 Software modularity 
The system is programmed to have easy interoperability between end-users (experimenters). The 
experimenter has access to a wide range of pre-defined functionalities such as different control 
modalities (position, torque and impedance), friction and inertia compensation, automatic EMG 
calibration/normalization routines, signal processing blocks, etc. The experimenter does not deal with 
programing low-level routines and the graphical programming facilitates the programming of 
customised experimental protocols. This modularity allows the software architect to provide upgrades 
and fix bugs without the need of the experimenters to change their code independently.  At this level 
of software implementation, the software architect can modify low-level loops, signal processing 
algorithms, control parameters, etc. (see Figure 2.5). 
 
 
 
 
Figure 2.4 – Schematic diagram of Hi5 real-time configuration. This architecture allows a high level of
determinism and minimum amount of jittering. 
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2.2.5 Redundant safety 
Several redundant safety systems are implemented at various levels. Each interface has adjustable 
mechanical constrains to prevent hyper flexion/extension of the wrist. Electro-mechanical switches 
attached to these constrains halt the current flow to the DC motor. Emergency switches are at reach 
to both the experimenter and the participants. Electronic circuits limit the maximum current supplied 
to the motor. Redundant sensors and a software program monitor system faults such as sudden torque 
changes and high control outputs. A watchdog circuit is implemented to immediately halt the system 
Figure 2.6 – Schematic diagram of the redundant safety features implemented in Hi5. Red-dashed rectangles
indicate a safety feature. 
Figure 2.5 – Schematic diagram of Hi5 software modularity. This provides easy interoperability between end-
users (experimenters) and at the same time allows the software architect to provide upgrades and fix bugs
without the need of the experimenters to change their code independently 
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(“OFF state”) when any safety issue is detected. This prevents sudden high supplies of energy to the 
motor, which could cause discomfort or pain to the wrist. To return the system to an “ON state”, a 
reset button must be pressed. This button is accessible only to the experimenter.  
Figure 2.6 gives an overview on the safety features implemented on Hi5. The system has been 
approved for its use in motor learning/control experiments by the Ethics Committee at Imperial 
College of Science Technology and Medicine and has been assessed successfully by the Health and 
Safety Committee at the Department of Bioengineering of the same institution. 
2.3 Measurements 
2.3.1 Real-time performance 
One important requirement of a haptic device is a high-level of determinism, i.e. the timing of its 
control loop should be guaranteed to run stably at a desired frequency for long periods of time. A real-
time system has to deal with the control algorithm and with tasks related to networking, data 
transferring, data logging, etc. Such tasks may halt the system and introduce jittering, thus 
decreasing its performance. To test the robustness of our real-time configuration, we executed a ten-
minute test on which the real-time system had to execute high-demanding tasks (for both CPU 
processor and RAM memory).  These tasks included changing variables, saving large amounts of data, 
change graphics on all monitors, etc. while controlling the position of the handles in closed loop given 
a user-defined function. The execution time within the control loop was monitored at every iteration 
(Figure 2.7). In 93% of the cases it was comprised between 0.99 ms and 1.01 ms (i.e. it had 1% error 
or less), and it was always between 0.95 ms and 1.05 ms (i.e. the maximal error was less than 5%). 
 
Figure 2.7 – Histogram of loop execution time performance over a ten-minute test, during which high-
demanding tasks were performed by the real-time system. 
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2.3.2 Isometric performance 
Another important characteristic of a haptic interface is its capability to generate and transmit force. 
If a system is sufficiently quick to transform and transmit energy (e.g. in case of a DC motor, 
transform electrical energy into mechanical force), then it will respond fast to commands and external 
disturbances. The open-loop force bandwidth gives a quantitative measure of a system’s capabilities in 
this regard. If a system’s open-loop force bandwidth is poor, this will also limit the system’s close loop 
performance (Townsend and Salisbury, 1989; Eppinger and Seering, 1987). 
To obtain the open-loop torque bandwidth of the Hi5 system, the handles were locked 
isometrically so that the torque sensor could only measure the torque produced by the motor. The 
system was excited for three 30 s periods with normally distributed, randomly generated (i.e. 
Gaussian white noise) torque commands between [-3,3] N·m that were updated every 4 ms. For each 
excitation period, a fourth order ARX model was estimated using recursive least-squares estimation 
(RLS). The average estimated root mean square error (RMSE) after the three trials was 0.023 N·m.  
The model parameters were averaged and the resulting model was considered to be representative of 
the system. The torque bandwidth was estimated to be at 156.4 Hz (gain = -3 db), with a resonant 
peak at 103.8 Hz (gain = 7.6 db). 
For further validation of the obtained parameters using this random excitation method, a sine 
sweep analysis was performed. Sinusoidal torque commands of amplitudes 0.5 N, 0.75 N and 1.0 N 
and frequencies ranging between over 0.5 Hz to 250 Hz were commanded to the device.  
 
Figure 2.8 – Open-loop torque frequency response of Hi5. The figure shows the frequency response obtained by
a random excitation method fitting a 4th order ARX model and the response obtained by a sine sweep method
obtained at different amplitude levels for the torque input signal (0.5 N∙m, 0.75 N∙m and 1.0 N∙m). The sine
sweep method provides more detail on the system harmonics, but the model obtained by the random excitation
method provides a good approximation of the isometric force dynamics of the system. 
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The comparison between the frequency responses obtained by the ARX model and the ones 
obtained by the sine sweep at different amplitudes is shown in Figure 2.8. As it is shown in the figure, 
the sine sweep method is more accurate in detecting the harmonics of the system; however, it is 
shown that the random excitation method identified an ARX model that provided a good 
approximation of the system‟s isometric force dynamics.  
2.3.3 System parameters 
Model 
A real-time parameter identification was performed in order to estimate the values of inertia, viscous 
and Coulomb friction of the dual interface. To achieve this, the system was modelled as a parallel 
mechanism as illustrated in Figure 2.9. The Lagrangian of such mechanism can be expressed as: 
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Therefore, the dynamic equation can be then expressed as: 
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Figure 2.9 – Hi5 system modeled as a parallel mechanism. LH and JH denote the length and the inertia of the 
handle (H), while LT and mT denote the length and mass of the carbon fiber tube (T). 
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The coefficient  [N m]O ·  represents the torques with respect to the origin (green interface), 
 [N m]u ·  the external torque produced by the DC motor,  F [N m]·  the frictional torques, [rad/s]  and 
2[rad/s ] the angular velocity and acceleration of the handle,  1,2 [N m s]· ·  the viscous friction 
coefficients,  3,4 [N m]·  the Coulomb friction coefficients, 
2
, [kg m ]A PJ ·  the inertia of the rotating 
components, i.e. handle, torque sensor, motor armature, etc., of the green and yellow interfaces with 
respect to the wrist joint,  [m]HL  the distance between the handle joint and the connection with the 
carbon fibre tube,  [kg]Tm  the mass of the carbon fibre tube, and 
2[kg m ]TotJ ·  the total apparent 
inertia at the origin.  
The dynamic equation can be expressed linearly in terms of the physical parameters of the system 
(i.e. in a regressor form) as:  
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where the vector p comprises the unknown parameters of the system. 
Excitatory signals 
There is significant work in finding suitable excitatory signals for parameter identification. The 
excitatory signal should be designed so that the system experiences a persistent and sufficiently rich 
excitation. Typically, one would perform a sensitivity analysis to design an excitatory signal such that 
the convergence rate of the identification process is not affected by experimental noise (Armstrong, 
1989; Gautier and Khalil, 1992; Antonelli et al., 1999).  
Given the simple dynamics of Hi5, we assumed that a sufficiently rich, pseudo-randomly generated 
signal with bounded frequency spectrum would yield to a good approximation of the system 
parameters without the need of carrying out a sensitivity analysis. In this regard, the proposed 
excitatory torque signal, u [N·m], was defined as: 
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Figure 2.10 – Excitation signals and its corresponding frequency spectrums. These signals present properties
similar to a Gaussian white noise signal with bounded frequency spectrum: i) relatively flat spectrum and ii) 
normally distributed amplitudes. 
where,  
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The coefficients 1τ  [N∙m] and 2τ  [Hz] are uniformly distributed pseudo-random numbers, sf [Hz] 
represents the sampling rate, and k  the current iteration number. 
It is known that white noise with Gaussian amplitude distribution and bounded frequency 
spectrum constitutes a good test signal for system identification (Haber, 1999). Our proposed 
excitatory signal present properties similar to a Gaussian white noise with bounded frequency 
spectrum (see Figure 2.10). The spectra of the proposed signals are relatively flat between 0.1 Hz and 
10 Hz – frequency range in which the system will normally operate. The amplitude levels are also 
close to normally distributed. In addition, the proposed pseudo-random signal avoids very sharp 
discontinuities.  
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Online parameter identification 
The system was excited during three 30 s sessions by three different realisations of the signal 
described by eq. (2.8) (see excitatory signals in Figure 2.10). Online recursive least squares (RLS) was 
used to identify the parameters p from eq. (2.7). The online convergence of the estimated parameters 
is shown in Figure 2.11. The average value over the three sessions was taken as the final estimation: 
JTot = 0.00692 kg·m2, β1 = 0.0677 N·m·s, β2 = 0.0512 N·m·s, β3 = 0.0313 N·m, β4 = 0.0414 N·m.  
Validation 
To validate the obtained parameters using this method, a computer simulation was carried out 
with the same torque values used for exciting the system. A comparison between the values predicted 
by the model and the pre-recorded ones is shown in Figure 2.12a.  As it is an open loop simulation, it 
is expected that small inconsistences between the real device and the model would drift the output of 
the simulation. Therefore, for a fairer comparison, the drift of both predicted and real angular 
trajectories was removed using an offline, zero-lag, 2nd order, high-pass Butterworth filter with 0.25 Hz 
cut-off frequency. The RMSE values between the predicted and the real trajectories from the three 
simulations were 1.61°, 1.46° and 1.74° respectively.   
For further validation, a position proportional-derivative (PD) controller was implemented while a 
noisy, randomly generated reference trajectory was input into both the real device and the computer 
model. The online model predictions for the angle were similar to the real ones (RMSE = 0.29°). A 
comparison between the predicted and the real angular positions is shown in Figure 2.12b.  
 
Figure 2.11 – Online convergence of the estimated parameters over three different 30 s excitation sessions. The
average final value over the three sessions is indicated. 
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2.4 Conclusions 
This chapter presented Hi5, a novel, versatile dual wrist interface to investigate the control of human-
human or bimanual interaction. While previous dual interfaces developed for this purpose have 
involved arm movements, we have targeted one DOF motion for each agent in order to simplify the 
study of the redundancy between dyads. Differently from previous studies on which only mainly 
interaction forces have been analysed, our system allow us to systematically analyse EMG activity 
from both participants, and thus, redundant strategies can be analysed systematically, as we present 
in Chapter 4 and 5 (Melendez-Calderon et al., 2011b). In particular, with two agents, the control of 
mechanical impedance can occur from muscle co-activation in at least one of them, or when both 
simultaneously push or simultaneously pull. Therefore, it is necessary to study a simple movement 
with well measurable and interpretable muscle activation. Wrist flexion/extension was selected as one 
DOF task that can be well modelled using a linear dynamic model (Milner and Cloutier, 1993), and 
with well measurable muscle activation (Ganesh et al., 2008).  
 
Figure 2.12 – a) Comparison between predicted (solid-red) and recorded (dashed-blue) angular signals for the
open-loop excitation sessions. b) Online comparison between predicted (solid-red) and recorded (dashed-blue)
angular signals during a closed-loop (using a PD controller) excitation session. 
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Hi5 consists of two wrist interfaces, on which participants attach their hand(s) to ergonomic 
handles and interact in wrist flexion/extension tasks. In the version presented in this chapter, the two 
interfaces are mechanically coupled using a stiff, low-weight carbon fibre tube. This direct mechanical 
coupling between the two interfaces yields optimal power transmission between the two users, in 
contrast to a computer-controlled connection that may attenuate high frequencies and bring time 
delays. Yet, the same system can easily integrate a second actuator, offering the opportunity of 
subject-specific dynamic environments, e.g. to make a partner more noisy, and see how this would 
modify the coordination. In this regard, the interface can be quickly and easily reconfigured to 
investigate symmetric or asymmetric tasks on both human-human or bimanual interaction 
experiments. Hi5 allows us to measure the kinematics, dynamics and muscular activity of the users. It 
has been implemented with redundant sensors and safety features, and has been approved by ethical 
and safety committees at Imperial for its use in human sensorimotor experiments. Performance tests 
demonstrated a high-level of determinism and minimum amount of jittering in the real-time system, 
low friction and inertia, and a high capability to render torques, as suggested by the estimated torque 
bandwidth. Dynamic identification provided a good dynamic model that can be used in further 
experiments.  
This device, through its simplicity, represents a great experimental tool that have allowed us to 
have a good insight into the mechanisms of sensory-motor interactions as demonstrated by the 
psycho-physical experiments presented in Chapters 3 and 6.  
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3 Mechanisms of interaction during physical human-
human collaborative tasks 
”I have yet to see any problem, however complicated, which, when you looked at 
it in the right way, did not become still more complicated” 
Poul Anderson (1926 - 2001) 
Overview – Physiotherapists training with stroke patients constitutes a common example 
of human-human physical interaction. This interaction involves frequent or continuous 
exchange of haptic information and coordination between individuals.  While language and 
gestural communication has been the subject of much research, very few works have 
investigated haptic communication. In this regard, this chapter investigates the 
mechanisms used by humans to control haptic interactive tasks, as this is critical to 
implement efficient haptic collaborative behaviour on a robot agent or for physical 
neurorehabilitation. In particular, it examines how two physically connected partners 
collaborate to attenuate external mechanical perturbations and tries to understand the 
undelaying principles of strategy selection. Parts of this chapter have been described in 
(Melendez-Calderon et al., 2011b; Melendez-Calderon et al., 2011c; EU-Grant-FP7-ICT-
231724, 2011)  
3.1 Introduction 
Humans are innately social beings and have long relied on inter-human interactions to accomplish 
tasks or learn new skills. These interactions are facilitated through a combination of communication 
means, including oral/auditory (e.g., spoken language); visual (e.g., a coach demonstrating a move 
which observing novice players are expected to emulate); and tactile/physical (e.g., two people 
dancing together). In the context of motor skill acquisition and development, many of the benefits of 
visual and auditory transfers of information are well-documented through studies based on various 
electrophysiological data. Some studies (e.g. Cochin et al., 1998; Cochin et al., 1999; Hari et al., 1998; 
Fadiga et al., 1995) support the hypothesis that action observation produces an activation of the 
observer’s motor cortex and so facilitates learning; and others (e.g. Curcio, 1978) suggest a link 
between auditory communication capabilities and sensorimotor performance. Indeed, physical contact 
is also recognised as a valuable means of helping others gain motor skills and accomplish tasks, as 
seen in common rehabilitation interactions between physical therapists and stroke patients with 
various degrees of paralysis, and in improved control of aircraft when the sidestick controls of the two 
pilots are physically-coupled (Summers et al., 1987). Despite a plethora of anecdotal evidence that 
supports the value of tactile and haptic interactions in encouraging motor skill acquisition and task 
completion, however, very few studies have been conducted to explore the mechanisms of these 
interactions between two humans in depth. 
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Reed and Peshkin (2008) investigated the direct interaction of a person physically working with 
another person and/or robot on a collaborative target acquisition task. They found that humans 
collaborating to move a marker on a crank into a target area did so in less time than when working 
alone. They also analysed kinematic and interaction force data and suggested that individuals in 
dyads developed specialisations while undertaking the collaborative task, including “active/inert” 
(characterised by one partner initiating all velocity changes at appropriate times in the trial) and 
“specialised” (for which one partner would contribute more substantially to the acceleration phase, 
while the other partner would adopt a more active role in the deceleration phase). They also 
contrasted individual versus dyad performance in rejecting disturbances, where they found that the 
dyads were not as effective as individuals at attenuating perturbations. 
A study conducted by Stefanov et al. (2009) proposes alternative specialisations to those identified 
by Reed and Peshkin (2008), where they define “execution” and “conductorship” as the main roles in a 
haptic interaction task. The former describes the partner who contributes most of the force for the 
task and the latter refers to the partner who guides motion acceleration and indicates (through 
“haptic signals”) when the dyad should change direction of motion. The authors similarly consider 
interaction forces along with kinematic trajectory data, using tristate logic and analytic expressions to 
assign executor and conductor roles based on the sign of the direction of object velocity and that of 
the interaction force applicable to each partner (with the third state accounting for cases where 
executor and conductor roles are not clear at different phases within a given trial). Groten et al. 
(2009) follow with a discussion of these dominance measures in haptic collaboration, where they 
investigate the consistency of dominance behaviour in trials with haptic/visual and visual-only 
feedback between partners. They found that the haptic feedback led to a more even dominance 
distribution between partners, in contrast with fairly consistent dominance/dominated behaviour 
among partners in a dyad undertaking a collaborative task when only visual feedback is present. 
Whereas Reed and Peshkin (2008) and Stefanov et al. (2009) suggested specialisations in human 
partners collaborating to accomplish a task, Ganesh et al. (2011b) focused primarily on the effects of 
online human-human haptic interaction in motor learning, as well as on how interaction experience 
affects a given individual’s motor skill. They implemented a series of dyad tracking system in which 
experiments with a dual manipulandum the partners’ hands were joined by a spring in random dual 
trials. They found that partners who were connected for random trials displayed greater 
improvements in tracking accuracy as trials progressed than partners who were not physically 
connected at any stage of the experiment. They also found that connecting a human partner to a 
robotic “partner” for random trials (which took the trajectory of a previously-tested human) only led 
to tracking performance improvements if the human participant was weaker at the task than the 
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programmed trajectory, suggesting that a two-way connection between partners was necessary for 
mutual improvements to occur. 
These previous studies have been pioneering in identifying individual specialisations and 
coordination control features that are seen when two humans collaborate to accomplish a task. 
However, they did not investigate the redundancy brought by the two connected subjects performing 
a motor task together. For instance, both partners could either be very relaxed or in a state of co-
contraction. These strategies involve different energy expenditures and can lead to different results in 
attenuating outside disturbances, but would produce similar interaction force patterns. Because of 
redundancy, partners in a dyad can adopt numerous strategies in attempting to mitigate the effects of 
external noise: e.g. one partner can co-contract; the other partner can co-contract; or both partners 
can co-contract to varying degrees. These distinctions in approach cannot be elucidated by interaction 
force data alone – more information about the behaviour and capabilities of the partners is needed.   
In light of this, the goal of this chapter is to understand the number of strategies and degree of 
specialisations that a dyad can adopt to accomplish a collaborative task. Further, it investigates why 
a given dyad adopts one particular strategy over another and what might cause partners in a dyad to 
change their approach. 
To address these questions, this chapter presents a series of experiments in which pairs of 
mechanically coupled participants undertook a tracking task with the Hi5 robotic interface (Melendez-
Calderon et al., 2011a; Chapter 3). In addition to collecting dyad angular position and corresponding 
interaction force measurements with respect to time, we used surface electromyography (sEMG) to 
measure the flexion and extension activity in both participants. We believe that the additional 
information about activity at the muscular level could be used to clarify the mechanisms of physical 
collaboration between the partners in a given dyad over the course of the experiment. We also sought 
to gain a stronger understanding of if and how dyad coordination strategies evolve with time. 
This chapter is organised as follows. It starts with the explanation of the common experimental 
procedures (Section 3.2). Observations from preliminary experiments are then shortly discussed 
(Section 3.3). This is followed by a proposition for classifying the broad strategies taken by dyads 
during periodic tracking tasks based on interaction torques (Section 3.4). Later, experimental results 
from trials on which dyads had to counteract for external perturbations are presented (Section 3.5). 
Next, dyadic interactions without perturbations are analysed (Section 3.6). This is done systematically 
by influencing dyads to adopt a particular strategy and looking at the low-level interactions based on 
EMG activity. The chapter finishes with a general discussion on the mechanisms of interactions 
during physical human-human collaborative tasks based on these observations from these experiments 
(Section 3.7). 
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3.2 Experimental procedures 
A similar procedure was followed on all experiments presented in this chapter. Therefore, this section 
presents the common experimental procedures. Specific parameters for each experiment such as 
number of trials, trial duration, target width, etc., are mentioned separately when a specific 
experiment is introduced. All experiments were approved by the ethics committee of Imperial College 
of Science, Technology and Medicine, and subjects gave their informed consent prior to participation. 
3.2.1 Setup 
Subjects took part in a set of dyad experiments conducted on the Hi5 interface. These experiments 
consisted of tracking a periodically moving target in cooperation, i.e. the 2 subjects were mechanically 
coupled and had to track the same moving target. Each subject was presented with the same visual 
feedback, which consisted of a moving target (represented by a solid polygon) and a cursor that 
followed their wrist angular position (represented by a blue line) as shown in Figure 3.1a. The target 
was programmed to move periodically at 0.2 Hz on a [-20°, 20°] range using minimum jerk movement 
patterns. Subjects were instructed to track the target during many intervals of varied time duration. 
During each interval, an external 3 Hz sinusoidal torque perturbation of different amplitudes was 
applied to the subjects’ wrist joint by the robotic device.  
Unless otherwise specified, to prevent individuals in the dyad from knowing who their partner 
was, participants were asked to meet the experimenters in different rooms – allowing them to enter 
the testing environment without seeing each other. A heavy curtain was suspended between the two 
wrist interfaces and participants wore ear protections which occluded noise from the other side of the 
curtain in order to mitigate non-haptic interactions. Instructions were delivered through visual 
messages that appeared on each of the subjects’ personal screen. Participants were not explicitly told 
whether they were working with anybody else or not, but were informed that they may feel different 
forces in the apparatus throughout the experiment. 
 
 
a)     b)  
Figure 3.1 – Visual feedback given to the subjects. a) The blue line (cursor) represents the hand angular
position of the subject, the green polygon represents the moving target that subjects have to follow to
accomplish the task. b) A subject receiving feedback of her performance after a trial.  
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To motivate subject attention to the task, subjects were told that they could accumulate a 
monetary reward based on the fraction of each trial that they kept the cursor within the target area. 
The value of the accumulated prize was displayed on the computer screens after each trial. This was 
also a function of perturbation torque, which corresponded to trial difficulty (Figure 3.1b).  Subjects 
were then given some time to rest before starting the next trial. 
To provide insight into the strategies that participants adopted to accomplish the task, angular 
position and interaction torques were recorded at 100 Hz, while surface electromyography (sEMG) 
from both flexor-carpi radialis (FCR) and extensor-carpi radialis longus (ECR) muscles on the right 
forearm were recorded at 1 kHz. 
In our descriptions, the partners standing in the left (p1) and right positions (p2) will hereafter be 
described as green subject and yellow subject, respectively. These colours are also used in plotting 
relevant interaction torque and muscular activity data for the green and yellow partners in a given 
dyad. Positive values for wrist angle and torque are in counter-clockwise direction (Figure 3.2). 
3.2.2 EMG Calibration 
All experiments began with a four-part calibration procedure: i) relaxation, ii) flexion, iii) extension 
and iv) co-contraction. This allowed us to normalise the EMG signals, facilitating comparisons 
between participants’ muscular activity and contributions to the collaborative task. Each part of the 
calibration lasted for 4 s, with 20 s of rest time between parts. The whole calibration procedure was 
conducted five times (sessions), with 60 s of rest given between sessions. The last 2 s of each recording 
were used to calculate the parameters for the normalization of FCR and ECR. Each part consisted in 
the following: 
i) Relaxation – subjects were asked to relax their forearms as much as possible and not move. The 
device was blocked at 0° and subjects had feedback of their applied torque so as to motivate them to 
keep relaxed.  
 
Figure 3.2 – Schematic representation of a dyad: p1 or green subject standing on the left and p2 or yellow
subject standing on the right. Positive values of wrist angle and torque are in counter-clockwise direction. 
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ii-iii) Flexion-Extension – subjects were instructed to either flex or extend their wrist and keep a 
constant level of wrist torque while the device was blocked at 0°. The torque level required from the 
subjects varied from 1-4 N·m (i.e. 1 N·m in session 1, 2 N·m in session 2, and so on).  The cursor 
(blue line) was programmed to respond to individual torque measurements amplified fourfold (i.e., 1 
N·m of applied torque moved the cursor of 4°), which provided subjects with visual feedback of the 
applied torque level. Subjects were asked to apply the force necessary to keep the cursor inside a 
target. 
iv) Co-contraction – subjects were asked to co-activate maximally and to try keep the cursor 
within the target positioned at 0° (target width 4°) during 4 s. External 3 Hz sinusoidal perturbations 
were applied to the subjects’ wrists during the first 2 s (to encourage co-contraction), but where 
switch off during the last 2 s of the task to avoid reflexes.  
It was necessary to normalise the EMG recordings of the FCR and ECR in each participant as the 
magnitude of the measured signal is affected by a number of factors including electrode positioning, 
skin condition, external noise, subject’s strength.   
sEMG data was processed offline. A zero-lag, second order band-pass (20-500 Hz) Butterworth 
filter was first used to filter out cable movements’ artifacts and high frequency noise components. 
Then, the signal was rectified and low-pass filtered using a zero-lag Butterworth filter with 3 Hz cut-
off frequency. Recordings from relaxation, flexion and extension phases were used to compute a linear 
relationship between torque and EMG activation level (FCRnorm, ECRnorm; where ECRnorm is always 
negative as the sign of the torque produced during extension is negative). Reciprocal activation (RA) 
and co-contraction (CC) for each partner (p) was then defined as: 
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3.2.3 Experimental phase 
After completing the calibration rounds and taking additional rest time, participants began the 
experimental stage. To begin a trial, participants were told via instructions on the screen to move the 
cursor to the target and relax. After ensuring that participants were comfortably relaxed in the target 
for at least 1 s; 2 s recordings in the resting state were taken. The screen then displayed a 3 s 
countdown, followed by target movement to begin the tracking trial. In some cases, sinusoidal 
perturbations were imposed as the trials progressed, as described previously.  
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3.3 Periodic tracking task: Is there a common strategy? 
We conducted a set of preliminary trials with twelve naïve right-handed subjects (4 female-female and 
2 male-male dyads; aged 21-28 years) without known neuromuscular disorder or recent injury. The 
purpose of these trials was to see if we could observe some general tendency in the way subjects 
interact with each other.  
These trials were performed as described in Section 3.2, with the following specific parameters. 
Subjects tracked a 4°-width target over fifteen 60 s intervals. Under each interval, external 3 Hz 
sinusoidal torque perturbations (at 5 levels: 0.0, 0.25, 0.5, 0.75 and 1.0 N·m) were applied to the 
subjects’ wrist joint by the robotic device in block of 3 trials, i.e. perturbations started at 0.0 N·m 
torque (no perturbation) for the first 3 trials and then increased by 0.25 N·m in each subsequent block 
of 3 trials, such that the dyad faced a perturbation force of 1 N·m throughout the final 3 tracking 
trials in the experiment. After each interval, subjects had a 20 s rest period.  
From inspection of the preliminary trials, we noticed that dyads adopted different strategies to 
guide cursor motion, attenuate disturbances and ultimately try keeping the cursor inside the target 
(overall, the percentage of time that dyads spent inside the target during the last trial of each level 
was: 53.1 ± 9.7% for Level 1, 48.2 ± 9.8% for Level 2, 44.5 ± 12.0% for Level 3, 39.9 ± 14.1% for Level 
4 and 33.0 ± 13.3% for Level 5). Some of these dyads changed strategies between trials for reasons 
that were not immediately apparent. In some cases, e.g. Figure 3.3, we could observe a spike in the 
tracking error around the time dyads changed strategy. This particular dyad started to change its 
strategy (suggested by the interaction torque and reciprocal activation patterns) at approximately t = 
40 s, where the interaction torque and reciprocal activation patterns of each partner begin to alternate 
signs after having been exclusively positive or negative for the first part of the trial. The co-
contraction levels, however, remained consistent. Still, some of the tested dyads altered their strategy 
within a trial without any significant changes in their tracking error. We considered fatigue as a 
possible explanation, but none of the subjects reported that they were fatigued by the end of the 
experiment. Possibly, the difficulty of task was a major factor in inciting the change of strategies.  
We also noticed that there was a high degree of overlap in the reciprocal activation between dyad 
partners in the initial trials. This suggests that the two partners initially attempted to assume the 
same roles in guiding cursor motion or negotiate the control of the cursor. As the trials and levels 
progressed, this overlap decreased, indicating partners adopting more specialised roles. Figure 3.4 
shows the mean and standard deviation of the combined reciprocal activation overlap across all dyads. 
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Section summary 
From these preliminary trials we learned that different dyads approach the problem of tracking a 
common target in different ways, i.e. we could not observe a clear general tendency in the way 
subjects interact with each other. We deduced that it is necessary to develop metrics that would allow 
us to systematically identify and classify strategies based on interaction force and EMG data, and 
make subsequent inferences about the processes that take place when a given dyad adopts or 
abandons a particular strategy. In this matter, the following section (3.4) presents a proposition for 
classifying the strategies taken by dyads in order to allow further analysis in a systematic way. 
These preliminary trials also gave us insights about how further experiments should be designed 
(e.g. tracking time, number of perturbation levels, etc.). The ensuing questions for further sections 
are: If role differentiation is taking place, what form is it taking? What specialised roles are partners 
taking and what is their overall strategy?  
Figure 3.3 – An example of a dyad switching strategies
to accomplish the task. There is a change of strategy at
around t = 40 s. The perturbation amplitude was set at
0.5 N·m. The background rectangles denote the direction
of the motion. Gray rectangles correspond to CCW
motions, while white rectangles correspond to CW
motions.  
 
 
Figure 3.4 – Mean and standard deviation of the 
reciprocal activation overlap between partners for each 
of the tested dyads. Each bar represents the combined 
data for each dyad across all 3 trials at a given 
perturbation level for a single “attempt” (one complete 
period of target and dyad motion from -20° to 20° and 
back to -20°). The background colors distinguish torque 
perturbation levels, which highlight blocks of 12 bars, 
corresponding to 12 attempts (twelve 5 s periods in each 
60 s trial).] 
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3.4 Characterisation of broad strategies during tracking tasks 
In examining the data from the preliminary trials, we observed similarities (recurrent patterns of 
interaction torques) in some of the approaches adopted by dyads (Figure 3.5). Using the approach 
proposed by Stefanov et al. (2009) one can associate an “executor” or an “conductorship” role to each 
partner. These non-exclusive roles (i.e. one partner can take one both or none of them) describe 
whether a partner injects energy to the system to complete the task (executor) or dissipates energy to 
guide or change the direction of motion (conductor) during the course of a trial.  Whereas this 
approach gives a good insight about low level interactions in time, it makes it difficult to analyse the 
data systematically when long, repetitive trials are being performed. More specifically, the fine time 
resolution and the association of roles to each partner, instead of describing an overall dyad strategy, 
make it hard to interpret the results of an analysis of this type. We conjectured that, to simplify the 
analysis, a broader characterisation specifying a dyad strategy after each motion would be more 
suitable than specifying temporal roles of each partner. In this regard, we propose that the observed 
recurrent patterns of interaction could be classified into five broad strategies that depict means by 
which individuals in a particular dyad contribute to overall motion and successful task completion as 
a pair. We propose to cluster these strategies into two categories: i) balanced and ii) unbalanced 
strategies as described below. It is important to note that we have called these representations broad 
Figure 3.5 – Characteristic patterns (“broad strategies”) observed in dyads during a periodic tracking task with
external perturbations set at 0.5 N·m. Green represents p1 and yellow p2. These strategies are defined in terms
of the green participant (e.g. D-B approach in this figure means green partner driving and yellow partner
braking). It is to be noted that there exists five other “reciprocal strategies” in which the green and yellow roles
are reversed (e.g. a D-B approach in which yellow partner adopts driving and green partner braking). For
clarity of the plots, co-contraction patterns for the yellow participant are displayed on the negative axis. The
gray and white background rectangles denote CCW and CW motions respectively. 
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strategies as these only describe the general strategy adopted by a dyad in terms of synchronization of 
forces and it does not consider low-level haptic interactions that may be happening (which will be 
addressed in later sections). Also note that within these strategies, dyads can modulate the overall 
impedance by sharing different amounts of co-contraction level. For example, as external 
perturbations of increasing magnitudes are applied, the overall impedance of the dyad can be varied 
by either partner applying high level of co-contraction relative to the other, or both partners applying 
comparable levels. An example of this redundancy is illustrated in Figure 3.6, in which the dyad 
interaction torque patterns are similar, but the amount of co-contraction provided by each of partners 
is different. 
The contribution in terms of co-contraction levels of each partner can be expressed as percentage 
of the maximum voluntary co-contraction level of flexor and extensor which were taken during the 
calibration stages of the experiment, and would add specificity to a description of a dyad’s broad 
strategy. 
 
 
 
 
Figure 3.6 – An example of redundancy. The dyad performs with a 0.5 N·m level perturbation. According to 
the similar interaction torque patterns in the two columns, they use a similar approach on the two
corresponding trials. However different co-contraction levels are used to attenuate the external disturbance
(left – only green contributes with high co-contraction; right – both partners contribute). The gray and white 
background rectangles denote CCW and CW motions respectively. 
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3.4.1 Balanced strategies 
The key feature that characterise these strategies is the apparent balanced distributions of roles 
between partners, resulting in minimum torques at the beginning and end of a given motion. 
Drive and brake (D-B) 
This strategy is characterised by one of the partners (e.g. green) applying a force in the direction of 
the motion to move the cursor while the other (e.g. yellow) applies an opposing force to retard and/or 
stabilise the motion. For our task, characteristic interaction force curves for the green partner would 
follow a sine wave pattern that is almost in phase with the moving target: positive when the target 
motion is counter-clockwise and negative when the target motion is clockwise. As the yellow partner 
applies an interaction force that opposes the motion of the green partner, its interaction force curve 
would be roughly equal in magnitude to the green partner and opposite in sign. This synchronisation 
produces zero crossings at approximately the beginning, middle and end of a given period, when the 
target changes direction and both partners, who are assuming active control roles, also change the 
direction in which they apply the force. 
Flex and Extend (F-E) 
As in the D-B strategy, this strategy is also characterised by one of the partners (e.g. green) applying 
a force to guide the cursor while the other (e.g. yellow) applies an opposing force to retard and/or 
stabilise. However, in contrast with D-B, the roles are inverted when moving in the opposite direction. 
This suggests that one partner (e.g. green) actively modulates flexion and the other (e.g. yellow) 
extension (or vice-versa). Characteristic torque measurements are consistently positive for the green 
partner and consistently negative for the yellow partner. The magnitude of these applied forces are 
lowest when the target changes direction every half-period and relative contributions from the green 
flexors and yellow extensors undergo a corresponding change. Given that both partners are adjusting 
their flexor or extensor contributions to change direction in a synchronised way, this pattern is 
expected. 
3.4.2 Unbalanced strategies 
Whereas the balanced strategies were indicative of both partners modulating their forces in line with 
the target trajectory and having complementary roles, the unbalanced strategies suggest a marked 
difference in the timing of force modulation of each partner.  
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Drive and stay centred (D-sC) 
In this representation, only one partner (e.g. green) seems to maintain an active role in guiding cursor 
motion in both directions. However, whereas a yellow partner employing the D-B approach applies an 
anti-correlated force to the green partner, a yellow partner employing the D-sC approach would seem 
to be out of phase as if he was trying to keep a fixed position at 0°. This pattern occurs if the yellow 
partner does not make a significant attempt to control cursor motion (e.g. just keeps relaxed or 
focuses instead on increasing wrist stiffness through co-contraction to attenuate outside disturbances), 
or if the damping forces applied by the yellow partner are not properly synchronised with the moving 
target. 
Drive and stay flexed (D-sF) 
In this approach, one partner (e.g. green) modulates the movement by increasing or decreasing 
his/her extensor activity, while the other partner (e.g. yellow) seems to attempt maintaining a high 
state of flexion. Characteristic interaction torque patterns would start at a high magnitude and 
decreasing to a minimum roughly halfway through the period. 
Drive and stay extended (D-sE) 
This strategy is characterised by one partner (e.g. green) modulating the movement by increasing or 
decreasing his/her flexor activity, while the other partner (e.g. yellow) seems to attempt maintaining 
a high state of extension. The magnitude of each partner’s interaction force is lowest at the start and 
end of a period (when the target is near the yellow partner’s preferred position) and highest halfway 
through the period, when the green partner must exert a high level of force to counter the yellow 
partner’s applied extension force. 
3.4.3 Both-try (BT) strategy 
When low interaction forces are present due to possibly both partners moving together in the 
direction of the target, there is a big uncertainty on what kind of broad strategy the dyads are 
adopting, and one can easily misinterpret the pattern of interaction torques. For example, as one can 
see in Figure 3.7 when both partners try to move simultaneously in the direction of the target the low 
interaction torque values would suggest the dyads are interacting with a certain strategy (in this 
particular example, with the drive and stay flexed approach). However, what may be happening is 
that both partners are competing for a driving role. Section 3.6.3 will analyse the phenomenon of both 
partners producing similar EMG reciprocal activation pattern in detail.   
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Based on this broad strategy classification, we propose to cluster all possible strategies in 5 groups 
(g1,…,g5) based on their similarity as follows: g1) Both try (BT); g2) green drives and yellow brakes 
(GD-YB), green drives and yellow stays centred (GD-YsC); g3) yellow drives and green brakes (YD-
GB), yellow drives and green stays centred (YD-GsC); g4) green drives and yellow stays extended 
(GD-YsE); green flexes and yellow extends (GF-YE); yellow drives and green stays flexed (YD-GsF); 
g5) green drives and yellow stays flexed (GD-YsF); yellow flexes and green extends (YF-GE); yellow 
drives and green stays extended (YD-GsE). These groups could be arranged such that approaches 
that are close together are more similar (see Figure 3.8). For example, given that a dyad is executing 
BT, all transitions are possible. But once a dyad is executing GD-YB, it is more expected to see a 
smooth transition to GD-YsC than an abrupt transition to YD-GB, which would mean partners 
switching roles completely.  
3.4.4 Automatic classification of broad strategies 
In light of previous descriptions and observations from experiments, a simple way to estimate the 
most probable strategy taken by a dyad during a particular sweep (i.e. a full period of the moving 
target), based solely on interaction torque patterns,  is to define a set of functions (“strategy 
 
Figure 3.7 – An example of Both-try, where the pattern of interaction torques suggest that the dyad may be
interacting with a Drive-and-stay-Flexed approach, but the EMG activity suggests that both partners are 
trying to move with the direction of the target. Flexor activity was seen in both partners. Yellow stabilised the 
movement by co-contracting. The background rectangles denote the direction of the motion. Gray rectangles
correspond to CCW motions, while white rectangles correspond to CW motions. 
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templates”) on which observed interaction torque data is compared. As mentioned previously, one 
could add specificity to these strategies based on the co-contraction levels provided by each partner. 
Given that a dyad tracked a target moving back and forth from -20° to 20°, we define the tracking 
attempt from -20° to 20° or from 20° to -20° over a as a motion, m.  Motions from -20° to 20° are 
described as counter-clockwise (CCW) motions (mCCW), while motions from 20° to -20° are described 
as clockwise (CW) motions (mCW). A sweep (w) is defined as two successive motions. 
For our particular task, we defined the strategy templates (s1,…s5) as follows: 
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Figure 3.8 – Organisation of the different identified strategies. Strategies are arranged based on the similarity 
of the approaches. This means that smooth transitions between strategies that are close together are more 
likely to happen than abrupt transitions between separate approaches. Balanced strategies are arranged on an 
outer circle, while unbalanced strategies are in an inner one. 
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where ft corresponds to the moving target frequency [Hz], fs is the sampling frequency [Hz];  is a 
phase shift [rad], and k = 1…2N with N corresponding to the number of data points in a given 
motion (i.e. 2N for a complete sweep). These functions were proposed as they qualitatively resemble 
the shape of the observed torque patterns. Note that these templates are only valid for this particular 
task, but in general, one could apply the same approach for analysing other tasks. A strategy 
template matrix was then defined as: 
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To compare the interaction torque pattern of a particular attempt against these templates, the 
data had to be pre-processed and normalised. This normalisation process was done in order to 
compensate for the asymmetries that may be present in a given interaction torque pattern (e.g. due to 
differences in strength between partners or varied impedance during different movement directions). 
Furthermore, due to the external perturbations, the torque data would contain frequency components 
corresponding to those of the perturbation. 
To remove noise from the signal, the torque data for each sweep and for each partner, 
| { , }pT p Green Yellow , was low-pass filtered using a zero-lag second order Butterworth filter (2 Hz 
cut-off). The signal for the sweep in question was then normalised according to various cases. Sweeps 
in which all of the elements in filtered torque signal had the same sign were normalised as in eq.(3.4), 
whereas for sweeps in which both positive and negative torque measurements were present were 
normalised according to eq.(3.5). 
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To remove discontinuities introduced by the normalization process, the torque data ˆ pT  was low-
pass filtered again using a zero-lag second order Butterworth filter (0.5 Hz cut-off). 
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The Euclidean distance ( pA ) between the normalised torque data vector and each strategy 
template was then calculated for each partner. The Euclidean distance was also calculated for the 
reciprocal strategies ( 'pA ), which corresponds to the case where the other partner in the dyad 
performs the “driving” action, e.g. s1 corresponds to green driving and yellow braking, while -s1 
corresponds to yellow driving and green braking. These distances can be expressed as: 
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where q is the number of  strategy templates (i.e. q=5 for our case). 
We note that although it may be possible to identify a strategy by using the torque pattern from 
just one of the partners (due to the symmetry on the interaction torque signals), we decided to 
calculate these values for both partners and merge them together in a later stage as this would make 
our estimation more reliable. In this regard, the vectors of Euclidean distances ( pB ) for each partner 
are organised as follows: 
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One could then assume that the probability that a given partner had adopted a particular strategy 
during a sweep is inversely proportional to the distance between the template of the strategy in 
question and that partner’s normalised torque vector. In other words, the greater the resemblance 
between a partner’s normalised torque vector and the template of a particular strategy, the more 
likely (i.e. probable) it is that the partner had adopted that strategy for the sweep in question. Given 
this assumption, to express a value corresponding to the probability of a particular strategy for a 
particular subject ( pD ), the Euclidean distance vectors were normalised as follows: 
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 (3.8) 
To combine the probabilities from both partners, we could use any triangular norm (t-norm), e.g. 
Einstein product, algebraic product, minimum, Luckasiewicz t-norm, etc. For simplicity, the algebraic 
product was used and strategy probabilities based on interaction torques (E) for both partners were 
combined in the following form: 
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At this point, one can determine the most probable strategy based on interaction torque patterns 
by finding the index in which the maximum value in the vector E occurs. 
As mentioned above, interpretation solely on interaction torques could be misleading if both 
partners try to move simultaneously in the direction of the moving target. To include this uncertainty 
in the probability values, we proposed to quantify the probability of the BT strategy in terms of the 
percentage of the attempt on which the dyad reciprocal activations overlapped. This overlap was 
quantified in terms of both the sign of each partner’s RA and the sign of the first time derivative of 
each partner’s RA as follows: 
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where count(•,4) counts the number of occurrences of the number 4 in the vector •. This metric can 
then be combined with the previous probabilities of partners trying to perform any of the broad 
strategies as follows: 
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The most probable strategy is then given by the maximum value in P.  
Validation 
To test our proposed broad classification method, we explicitly asked one experienced dyad to 
adopt each one of the identified strategies while performing the tracking task for the duration of the 
trials. This was done for each of the broad strategies as well as both try approach, i.e. the dyad tried 
to perform 6 different strategies in the following order: GD-YB, GF-YE, GD-YsC, GD-YsE, GD-YsF 
and BT. The experiment was in the same format as that described in Section 3.2 with the following 
specific parameters. For testing each strategy, the dyad was asked to perform three-20 s trials at 3 
different levels of perturbation: 0.0 N·m, 0.5 N·m and 1.0 N·m (i.e. 9 trials per strategy). Participants 
were given a 20 s rest period after each trial.  
The estimated most probable strategies for each of the experimental phases are presented in 
Figures 3.9-3.14.   
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Figure 3.9 – Estimated probabilities when an expert dyad tries to interact with a drive and brake (GD-YB) 
strategy at different perturbation levels: Level 1 – 0.0 N∙m, Level 2 – 0.5 N∙m and Level 3 – 1.0 N∙m 
Figure 3.10 – Estimated probabilities when an expert dyad tries to interact with a flex and extend (GF-YE) 
strategy at different perturbation levels: Level 1 – 0.0 N∙m, Level 2 – 0.5 N∙m and Level 3 – 1.0 N∙m 
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Figure 3.12 – Estimated probabilities when an expert dyad tries to interact with a drive and stay extended
(GD-YsE) strategy at different perturbation levels: Level 1 – 0.0 N∙m, Level 2 – 0.5 N∙m and Level 3 – 1.0 N∙m
Figure 3.11 – Estimated probabilities when an expert dyad tries to interact with a drive and stay centered (GD-
YsC) strategy at different perturbation levels: Level 1 – 0.0 N∙m, Level 2 – 0.5 N∙m and Level 3 – 1.0 N∙m 
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Figure 3.13 – Estimated probabilities when an expert dyad tries to interact with a drive and stay flexed (GD-
YsF) strategy at different perturbation levels: Level 1 – 0.0 N∙m, Level 2 – 0.5 N∙m and Level 3 – 1.0 N∙m 
Figure 3.14 – Estimated probabilities when an expert dyad tries to interact with a both try (BT) strategy at
different perturbation levels: Level 1 – 0.0 N∙m, Level 2 – 0.5 N∙m and Level 3 – 1.0 N∙m 
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As it can be seen from the figures, the results show that our simple classification approach was 
successful in estimating the broad strategy intended by the dyads. Note, however, that there are 
strategies (e.g. FE) that are quite difficult to reproduce perfectly at every trial.  For example, in the 
case of FE, this particular strategy requires significant amount of coordination from both partners to 
produce torques completely in anti-phase manner. Even a little de-synchronisation from each of the 
partners will cause the torque patterns to look more like a drive-and stay-flexed or a drive-and-stay-
extended approach. In case of the BT strategy, it was expected that its classification would be 
sometimes mistaken by other strategy. The reason is that no matter how hard dyads try to keep 
moving together, there will be always someone driving and someone else damping the movement. 
Interestingly, when this dyad tried to perform the BT strategy, they tended to converge towards the 
last group of strategies on which they last performed, i.e. a form of pulling apart from each other. 
This may not be the most efficient strategy in the sense of energy consumption, for instance, and may 
reflect the fact that motor memory plays an important role in determining behaviour (Ganesh et al., 
2010b; Kodl et al., 2011). 
Section summary 
In this section, we have identified a number of interaction strategies for two humans undertaking a 
collaborative tracking task and subsequently developed a quantitative system for automatically 
classifying these strategies, both offline and online. This system is based on classifying general dyad 
strategies (as a pair) instead of assigning temporal roles to each partner, as suggested in previous 
studies. As it will be seen in the next sections, this classifier is an integral component for facilitating 
the analysis of dyadic interactions and helping us to understand why a dyad might favour one 
strategy over another, as well as how strategies evolve over the course of a trial or experiment. 
3.5 Strategies for disturbance attenuation  
As stated previously, one of our goals is to determine what the most efficient strategy is or if there is 
any preferred strategy that dyads adopt to attenuate disturbances. To accomplish this, we performed 
a second round of experiments. Ten right-handed subjects (8 female; aged 21-31 years), naïve to the 
experimental conditions and the device, and without known neuromuscular disorder or recent injury 
to the right wrist participated in this study. Dyads were composed of 4 all-female pairings and 1 male 
pairing. 
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Figure 3.15 – Evolution of most probable strategies taken by dyads during a periodic tracking task with
different levels of external noise perturbation. Dyads spent most of the time executing strategies that require 
pushing or pulling against each other. Following Figure 3.8, YD corresponds to yellow drives, GD to green 
drives, Pull to pulling and Push to pushing approaches. 
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To minimise possible effects of fatigue in the selection of a particular strategy, the experiment was 
performed with the following specific parameters. Subjects had to track the target during thirty 20 s 
intervals. Perturbations started at 0.0 N·m torque (no perturbation – Level 1) for the first 10 trials; 
then increased to 0.5 N·m for the subsequent block of 10 trials (Level 2); and finally to 1 N·m for the 
final 10 trials in the experiment (Level 3). Subjects were given a 20 s rest period after each trial. The 
target width was set at 4° for all perturbation levels. 
All subjects participated in both individual (i.e. tracking without being mechanically coupled) and 
dual (i.e. tracking while mechanically coupled) experiments. Two dyads completed individual trials 
the day before their dual trials and two pairings completed individual trials the day after their dyad 
trial. In the remaining dyad, one partner completed her individual trial the day before the dual trials 
and the other partner completed her individual trial the day after the dual trials. During the 
individual sessions the perturbations were halved, i.e. 0 N·m torque (no perturbation – Level 1) for 
the first 10 trials; 0.25 N·m for the subsequent block of 10 trials (Level 2); and finally to 0.5 N·m for 
the final 10 trials (Level 3). Subjects were not told whether they were acting alone or in a pair.  
The classification system presented in the last section was applied offline to assess the most 
probable strategies taken by dyads and how they evolved over the course of the dual experiments. 
Figure 3.15 presents the evolution of the most probable strategy and the distribution of probability 
values for all strategies, during even trial numbers.  
As shown in Figure 3.15, dyad 1 (D1) showed a very unstable behaviour by alternating roles 
between partners across trials and all perturbation levels. In the trials without perturbation, BT and 
single-driver approaches (D-B or D-sC) dominated the behaviour of dyads 2, 3 and 5 (D2,D3 and D5). 
Dyad 4 (D4) maintained a consistent “pushing” approach throughout the whole experiment. The 
introduction of external disturbances impelled dyads who adopted a single-driver approach to 
abandon their original approaches. As perturbation increased, all dyads tended to converge to 
 
Figure 3.16 – Tracking error of five dyads completing periodic tracking trials at different perturbation levels.
The gray rectangle shows the demanded level of accuracy for the task (i.e. ±2°). Each whisker box comprises
data for all trials (i.e. 10 trials, 20seconds each) 
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strategies in which a form of pushing or pulling against each other was required. Despite the dyads 
used different strategies, the level of accuracy was similar for all dyads, at each perturbation level 
(Figure 3.16). When no perturbation was present the percentage of the time that dyads spent inside 
the [-2°, 2°] target was: D1 -75.7%, D2 - 94.7%, D3 - 93.2%, D4 - 85.0%, D5 - 92.4%. At 0.5 N·m of 
perturbation the level of accuracy was: D1 - 55.4%, D2 - 67.2%, D3 - 67.4%, D4 - 63.6%, D5 - 78.3%. 
Lastly at 1 N·m of perturbation the accuracy was: D1 - 38.5%, D2 - 48.5%, D3 - 42.8%, D4 - 42.7%, 
D5 - 59.5%. 
From Figure 3.15, one can also observe that balanced strategies were underrepresented relative to 
unbalanced strategies. But interestingly, dyads tended to oscillate around a balanced strategy (e.g. 
GF-YE) by transitioning constantly between relatively close unbalanced strategies (e.g. GD-YsE and 
YD-GsF). This suggests that dyads may have aimed to improve the overall role distribution and 
synchrony. In trials without perturbations, the appearance of BT was more prevalent during the 
initial trials of the experiment than during the last trials. This suggests that at the beginning of the 
trial, both partners may have attempted to move the cursor in the direction of the target (consistent 
with individual behaviour), but adopted more specialised roles as the trials progressed. 
 
Figure 3.17 – Evolution of the magnitude of interaction torques and co-contraction during a periodic tracking 
task with different levels of external noise perturbation. Dyads preferred to increase the interaction torques
than to co-contract. Thin-dotted vertical lines indicate the start of a new trial, while thick-dashed vertical lines 
indicate a change in the perturbation level. 
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The choice (or convergence) to pushing or pulling strategies during trials with mechanical 
perturbation was not limited by the capacity of the subjects to attenuate disturbances by co-
contracting (note that dyads could have kept a single-driver approach by co-contracting). Figure 3.17 
shows a comparison between the increase in interaction torques, the amount of co-contraction 
normalised with respect to torque and amount of co-contraction normalised according to the 
capability of a dyad to co-contract (i.e. maximum voluntary co-contraction (MVCC); the co-
contraction task during the EMG calibration process was used for this normalisation). As illustrated 
in the figure, dyads kept their co-contraction effort below 45% (the highest mean value observed), 
meaning that they could have damped more disturbances by co-contracting and reduced the 
interaction torques if the wished; in general, dyads preferred otherwise. 
Optimal dyad strategy or by-product of two independent individual behaviours?  
One first question that comes to ones’ mind is if the pushing towards or pulling apart strategy is a 
result of an optimal dyad strategy. The results from our experiments suggest that to attenuate 
disturbances, partner’s act more as two independent “controllers” and small misjudgements on 
perceived positions and interaction forces may eventually lead to pulling apart from or pushing 
towards each other.  
Figure 3.18 shows a comparison between co-contraction levels (%MVCC) used by each partner 
during individual and dual trials. A strength factor was defined as the capability of a partner to damp 
a mechanical perturbation in comparison to his/her collaborative partner (i.e. the extent of damping a 
3 Hz mechanical perturbation during the co-contraction task during the calibration phase). There was 
no correlation between the strongest partner and the amount of co-contraction provided by this 
partner during dual trials. In addition, some partners co-contracted more during individual trials than 
during equivalent dual trials, but for some partners this was the converse. In some cases (see D2 and 
D3) we observed that subjects who co-contracted more than his/her partner during individual trials 
also co-contracted with more effort than his/her partner during dual trials. This was not consistent 
will all dyads so conclusions cannot be made based on this observations.  
Executing movements together also did not the improve movement smoothness. Movement 
smoothness was calculated for each motion as suggested in our paper (Balasubramanian et al., 2011). 
The left column of Figure 3.19 shows a comparison between the distribution of movement smoothness 
for each of the partners during individual trials and dual trials. Movement smoothness was not 
systematically better (or worse) during dual trials in comparison to individual trials. Only D3 and D5 
during unperturbed trials (Level 1) managed to perform better during dual trials (Mann Whitney test 
p<10-3). D4 during Level 1, and D3 and D4 during Level 3 performed equally smooth than the best of 
the partners (p>0.05) (i.e. the partner that performed smoother during individual trials); D2 during 
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Level 3 performed better than the worse partner (i.e. the partner that performed less smooth during 
individual trials) but worse than the best partner. In all other cases, movement smoothness during 
dual trials was always worse or equally smooth than the worse partner. 
 
  
 
 
 
Figure 3.18 – Comparison of co-contraction effort during individual and dual trials at different perturbation
levels: Level 1 – no perturbation; Level 2 – 0.25 N·m for individual and 0.5 N·m for dual trials; Level 3 - 0.5 
N·m for individual and 1 N·m for dual trials. Strength factor is defined as the capability of a partner to damp a
mechanical perturbation in comparison to his/her collaborative partner. 
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Figure 3.19 – Comparison of movement smoothness and absolute tracking error during individual and dual
trials at different perturbation levels: Level 1 – no perturbation; Level 2 – 0.25 N·m for individual and 0.5 N·m
for dual trials; Level 3 - 0.5 N·m for individual and 1 N·m for dual trials. 
 
Mechanisms of interaction during physical human-human collaborative tasks 
– 66 – 
With the exception of D4 during Level 2 and 3, whose absolute tracking error during dual trials 
was equal than the individual performance of the best partner (Mann Whitney test p>0.05) (i.e. the 
partner that performed with less absolute tracking error during individual trials), absolute tracking 
error was always less or equal than the worse of the partners (i.e. the partner that performed with 
more absolute tracking error during individual trials) as illustrated in the right column of Figure 3.19. 
As shown in Figure 3.17, dyads significantly increased their interaction torques. This could have 
been due to the difficulty of the task, however, this approach this did not improve the overall motion 
smoothness or reduced the tracking error and regardless of this, partners did not make more effort to 
co-contract even if they could have done so. Most of the dyads that completed trials with increased 
interaction torques did so by “escalating” the interaction torque trial after trial as illustrated in Figure 
3.20 (Dyad A). Sometimes, partners did converge to a reasonable value of interaction torque (see 
Dyad B in Figure 3.20). However, for most of the cases, the interaction torque was too high for the 
requirements of the task. We speculated that this “escalating” behaviour may have risen due to the 
nature of tracking back and forward, which could have inhibited the partners to co-contract and 
adopt “single driver” approaches.     
To investigate this idea further, we conducted a set of static trials with two male dyads (naïve to 
the experimental conditions). For these trials, subjects also controlled a cursor with the Hi5 interface. 
However, the target was held at 0° for the duration of the experiment, meaning that the task goal of 
keeping the cursor inside the target could be achieved solely by each partner co-contracting. With the 
removal of the tracking component of the task, the complexity of the task decreased significantly, 
which would reduce the need for the significant levels of specialisation that were seen in the tracking 
 
 
Figure 3.20 – Interaction torque patters of two dyads (A and B) during a periodic tracking task under a 3Hz
sinusoidal torque perturbation of 1 N·m of amplitude. Both dyads interact with a similar strategy, i.e. pushing
towards or pulling apart from each other. One of the dyads (Dyad A) increased the interaction torque
drastically after each trial, while the other (Dyad B) reduces the interaction torque level. The gray and white
background rectangles denote CCW and CW motions respectively. 
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tasks with external disturbances (i.e., one partner focussing predominately on guiding cursor motion 
while the other attenuates the perturbations by co-contraction). Each dyad participated in 15 trials of 
30 s duration, and were given 10 s in between trials to rest. The perturbation levels were divided as 
follows: for trials 1-5, perturbation torques of 0.3 N·m were imposed on participants; for trials 6-10, 
the perturbation amplitude was raised to 0.6 N·m; and for trials 11-15, the perturbation amplitude 
was held at 0.9 N·m.  For these trials, participants from one of the dyads (Dyad 1) were not told they 
were interacting with each other. These partners met the experimenters in different rooms and were 
told that their task was to keep the cursor inside the target and that they will experience mechanical 
perturbations. A curtain was suspended between each partner during the whole experiment. On the 
other hand, participants from the second dyad (Dyad 2) were allowed to meet prior the start of the 
experiment. They were told their task was to keep a common cursor inside a common target and that 
the robot would apply an external destabilising perturbation. None of the dyads were told how to 
attenuate for the destabilising forces, but by trial number 14 (for Dyad 1) and trial number 13 (for 
Dyad 2), both dyads were explicitly told that they could achieve the task by just co-contracting and 
decreasing the interaction torque.  
Figure 3.21 shows the trial-to-trial torque data for both dyads. Even at the low perturbation level 
(0.3 N·m), Dyad 1 adopted a push or pull approach to stabilise the cursor. After having pulled apart 
for most of the low perturbation magnitude trials, this dyad switched the approach and pushed 
 
 
Figure 3.21 – Trial-to-trial interaction torques observed during a static task (i.e. keep the cursor at 0°). Target
width was set at 4° and 3Hz sinusoidal external perturbation of amplitudes 0.3,0.6 and 0.9 N·m were applied (5
trials at each perturbation level). Dyad 1 subjects were unaware they were collaborating with each other, while
those from Dyad 2 knew they were working as a pair. In both cases dyads were told they could achieve the
task by producing less force and just co-contracting at the beginning of trial 14 for dyad 1 and trial 13 for dyad
2. We observed force escalation in both cases (note that dyad 2 even saturated the torque sensor reading). 
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towards each other during subsequent trials at the higher perturbation magnitudes. During the second 
perturbation level (0.6 N·m), we observed a slight increase in interaction torque magnitude at the 
beginning of each trial, from trial 6 to trial 9. Then, this dyad seemed to be quite consistent in the 
magnitude of interaction torque the applied. Surprisingly, when each partner was told he could 
achieve the task by just co-contracting (before the start of trial 14), this did not encouraged partners 
to adapt a co-contraction approach but in contrast this caused the interaction torque between 
partners to increase even further.  
Dyad 2 did adopt a co-contraction approach during the low perturbation level (slight tendency to 
push against each other); but interestingly, when the torque level was increased, partners first 
switched between pushing towards and pulling apart (trial 6) and then, on subsequent trials they 
significantly increased their interaction torque (up to the point the torque sensor was saturated -8 
N·m). These partners continued to produce substantial amount of interaction torque until they were 
told they could achieve the task differently, i.e. by just co-contracting (before the start of trial 13). 
However, in subsequent trials, they showed signs of diverging towards a push or pull approach.    
The torque data collected from the 4 s period immediately preceding the start of each trial were 
also analysed to see if dyads anticipated the start of each trial by pulling apart or pushing together 
prematurely. However, the interaction torque magnitudes in the rest period never exceeded 0.8 N·m 
for either of the dyads.   
Section summary 
In this section, we have shown that our broad classification method simplified the analysis 
and characterisation of strategies of a particular dyad. This allowed us to identify the strategies 
in the face of various perturbation levels. First, during trials with no perturbation, the partners in a 
dyad tend to cooperate by adopting each a different, specialised strategy. However the high 
probability of the both-try (BT) strategy used in the initial period without perturbation indicates the 
need for a deeper analysis. The next section will focus the analysis on the strategies in condition 
without perturbation.  Second, we observed that there is a tendency of dyads to push apart or pull 
together in the presence of perturbations, as well as the general rise in interaction torque level as 
the amplitude of motor perturbation increases. This tendency was not limited by the capabilities 
of each partner to co-contract and keep their specialised strategy. Finally, we show evidence that 
these strategies may have been used not because that is was the most energetically optimal solution 
to achieve the task, nor because it was a result of tracking back and forward, but most probably 
because partners acted more as two independent “controllers” and small misjudgements on perceived 
positions and interaction forces may eventually lead to pulling apart from or pushing towards each 
other.  
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3.6 Strategies without external mechanical perturbation  
In previous experiments, we observed that dyads tended to adopt certain strategies. We observed that 
when no perturbation is present, dyads seemed to tend to both move in the direction of the moving 
target (based on the BT probability) and then to converge to a specialised role. In some cases, the 
approach being taken by a dyad changed. Furthermore, the results suggest that during unperturbed 
trials, the main goal of a dyad may have been to reach a certain level of synchrony. The above 
experiments raise a number of questions such as: do dyads eventually settle into a preferred or 
“baseline” strategy?  How do the transitions between strategies occur? Under which circumstances a 
particular dyad will adopt or maintain a strategy? 
Addressing these questions presents interesting experimental challenges. First, the main problem 
in analysing how transitions between strategies happen is that it is hard to interpret results and 
attribute causality without actually knowing the original intentions of both partners. Secondly, as the 
switching usually happens at random instances once cannot just wait and hope to see a transition and 
then analyse. To systematically analyse transitions one need to know, at least, the initial state before 
these transitions occur. How to control and force a dyad to behave as we want in order to analyse 
these transitions methodically? In this section, an experimental paradigm that allows inducing a 
particular broad strategy using implicit visual cues is first introduced; we hoped that by inducing 
dyads to adopt a strategy we can observe more clearly how transitions occur. The analysis of these 
transitions is presented after, followed by an EMG analysis during the first time partners interact 
with each other.  
3.6.1 Shaping dyadic interactions 
Ten, right-handed subjects (3 male dyads, and 2 dyads composed by 1 female and 1 male partner) 
participated in this experiment. All subjects were naïve to both the experimental conditions and the 
device and had no known neuromuscular disorders or recent injury to the right wrist. All gave 
informed consent prior participation. 
Subjects participated in an eleven-stage experimental paradigm, each stage consisting of 60 s 
trials, with a 15 s rest period between trials. These trials were performed as described in Section 3.2, 
with the following specific parameters. Target width was set at 2°. No mechanical perturbation was 
applied on any of the trials. Trials stated with subjects maintaining a wrist position at 0°.  This 
allowed participants to start the trials from a neutral position, and thus avoid predisposing either 
partner to a state of flexion or extension. All trials began with the target moving in the CCW 
direction towards 20° (first 2.5 s of the trial), then moving periodically between 20° and -20° at 0.2 Hz 
(middle 57.5 s), and finishing with a CW movement from 20° to 0° (last 2.5 s of the trial). In contrast 
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to previous experiments where we did not allow subjects to know that there was another person, in 
this experiment both partners met each other prior the task and were told that the task they were 
going to execute was a collaborative task. Dyads were shown that the device was mechanically 
coupled and that motion on one device was mirrored on the other, and that the visual display was the 
same for both partners. Further, they were told that the duration of the experiment depended on 
their collaborative performance: if they performed the task with a high degree of tracking accuracy, 
they would move to subsequent stages of the experiment more quickly. Furthermore, they were 
informed that neither talking nor looking at each other was allowed during the whole duration of the 
experiment. Subjects were provided with noise-reduction headphones and the curtain was suspended 
between them just to block vision of each other’s screen, but still allowing periphery vision to perceive 
the other partner’s presence. The main reason for this change in the protocol was due to the fact that 
in preliminary tests (not presented in this thesis), we observed that in some cases dyads tended to 
produce excessive interaction torques. We interpreted this as evidence that by not telling the subjects 
it is a collaborative task, the task may become competitive. 
The eleven stages of the experimental protocol included free trials (in which no visual cuing was 
delivered) and forced trials (in which the cursors of each subject were displaced slightly in a time-
dependent and strategy-specific fashion; see Visual cuing). The experimental stages were defined as 
follows: 
1) Familiarisation – Dyads completed three free trials (i.e. no visual cuing or any sort of 
perturbation was provided) in order to familiarise with the task and with each other. 
2) Baseline – Dyads completed one extra free trial. Using the classification system presented in 
Section 3.4.4, the most recurrent broad strategy based on interaction torques (i.e. green 
driving, yellow driving, pushing or pulling) was identified. 
3) Inducing A – Dyads completed three to six forced trials on which visual cuing (see Section 
Visual cuing) was provided to the dyads in order to encourage them to interact with the 
balanced strategy that was complete opposite to the one observed during baseline. For 
example, if subjects tended to push during baseline, then the balanced strategy GF-YE was 
forced in these trials; if one of the subjects tended to be driving during baseline (e.g. green), 
then YD-GB was forced. The number of trials depended on the capability of the dyads to 
align their interactions torques with those being forced (see Visual cuing). 
4) Testing A – Dyads completed two free trials to test retention of the forced strategy and 
analyse strategy transitions. 
5) Inducing B – Dyads completed three to six forced trials. The forced strategy was the one 
opposite to the one forced in Inducing A stage (i.e. the baseline strategy). 
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Table 3.1 – Summary of the experimental protocol presented in Section 3.6.1 
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6) Testing B – Dyads completed two free trials. The last of these free trials was used to 
determine the balanced strategy that was more likely for the dyads to converge to, and that 
had not being forced yet. For example, if a dyad was forced GD-YB and YD-GB during the 
previous forced stages, it was determined whether GF-YE or YF-GE was more likely to 
happen (based on the probability values obtained from the classification system).  
7) Inducing C – Dyads completed three to six forced trials. The forced strategy was the one 
opposite to the one identified in Testing B. 
8) Testing C – Dyads completed two free trials.  
9) Inducing D – Dyads completed three to six forced trials. The forced strategy was the one 
opposite to the one forced in Inducing C stage. 
10) Testing D – Dyads completed two free trials.  
11) Washout – Dyads completed three free trials to see if they converge to a particular strategy.  
Table 3.1 summarises and illustrates this experimental procedure.  
Visual cuing 
The main idea behind the visual feedback provided to the dyad to induce an interaction strategy 
between partners is quite simple. If one assumes that a dyad will behave as two “position controllers”, 
each partner trying to keep a certain level of accuracy to keep track of the target, then, the 
interaction forces can be shaped by manipulating the position of the cursor corresponding to wrist 
angular position. In our experimental paradigm, we aimed at encouraging the adaptation of particular 
patterns of interaction forces by imposing subtle offsets (<1.5°) to the blue cursors with which dyads 
tracked the target (Figure 3.22). If we want a subject to apply a force to the left then his/her cursor 
was displaced slightly to the right and his/her partner‟s was displaced slightly in the opposite 
direction. This visual offset was determined by the difference between the desired torque template and 
the interaction torque pattern that the dyad was generating. 
Due to the asymmetry in the torque patterns generated by dyads and the symmetry of the 
strategy templates, offset calculation was performed only motion after motion (m) at the end of each 
sweep (w), { , }1q q qw m m .  The offset for the next motion was calculated as: 
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where forceds is the vector containing the desired template to be forced;  
qwT  is the vector of 
normalised torque pattern considering the full sweep that had just been completed; K is a fixed gain 
adjusted by the experimenter;  is an adaptive gain; and p
q
BT
w  corresponds to the probability of BT 
in the currently finished sweep. In other words, if the uncertainty of trusting the torque pattern due 
to a high probability in BT, then, to avoid providing dyads with inconsistent offsets, the strategy 
template was provided. The adaptive term  was automatically adjusted based on the success of the 
dyad as: 
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where 
q
induced
wP  represents the difference between the probability value of the induced strategy and 
the highest (or second highest if the probability value of the induced strategy is current highest) 
probability value; and 1 , 2  and  are constant values empirically determined by the experimenter.  
 
 
 
 
 
Figure 3.22 – Example of each partner receiving a cursor offset. The opaque blue lines represent the real dyad 
position and the bright blue lines represent the cursor that each partner saw - the "virtual" angle. Red arrows 
indicate the direction that we anticipated that the partners would apply force in response to the offset. 
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Dyads progressed from forced to free trials if they had done at least 3 forced trials and  fell 
below a certain threshold at some point in their most recent forced trial. The intention was to allow 
the dyad to move to free trials when it had sufficiently learned the strategy being forced. If a dyad 
had completed 6 forced trials, it progressed to the free trials irrespective of performance or extent of 
learning. Figure 3.23 illustrates how  evolved as function of the torque patterns being produced for 
a given dyad. In the figure, it can be observed that offset amplification factor  reduces at some 
points, though because the desired strategy was not sustained or the dyad reverted to baseline,  
returned to 1 and the offset returned to full amplification. As the trials progressed, the dyad adopted 
torque patterns that were in line with the forced template, thus the offset amplification decreased 
throughout the trial. 
3.6.2 Strategy transitions: from induced behaviour to baseline strategy 
As in experiments presented in previous sections, dyads converged to different approaches during the 
first free trials. Figure 3.24 shows the mean of the probability values for each strategy during baseline, 
the last forced trial during each of the inducing stages, the free trials of each of the testing stages and 
the free trials during washout. The broad probability values during baseline suggest that the most 
confortable strategy for three out five dyads (namely D1, D2 and D4) was to push against each other. 
The other two dyads (D3 and D5) tended to have one partner whose role was to guide the cursor in 
both directions and another partner that role was to stabilise the movement.  
 
 
 
 
 
Figure 3.23 – Evolution of torque patterns and alpha adaptation. The strategy being forced in this example is 
GF-YE. The baseline strategy for this dyad was YD-GB. 
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Figure 3.24 – Distribution of the mean probability values for each strategy during baseline, the last forced trial 
during the inducing stages, testing stages and washout. The outer circle represents the balanced strategies 
while the inner circle represents the unbalanced ones in a similar arrangement as illustrated in Figure 3.8. 
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The visual cueing for inducing a particular approach was successful on all dyads. Looking at each 
one of the inducing rows in Figure 3.24, one can see that all dyads adopted the imposed balanced 
strategy. This was confirmed by individual statistical testing comparing the induced strategy versus 
the baseline strategy within each of the last forced trials (Mann Whitney test p<0.001). Dyads that 
maintained the induced strategy during at least the first free trial after testing were: D1 (Testing B), 
D2 (Testing A, B and D), D3 (Testing B, C), D4 (Testing B, C and D) and D5 (Testing B, C and D). 
Retention on the induced behaviour was not investigated further as this requires different 
considerations for the experimental design given that the level of inducing is contingent on the τ  
formulation and the adjustment of the threshold levels for a particular dyad.  
On analysing of subsequent free trials after inducing (i.e. testing trials) we found a tendency for 
dyads to return to their baseline approach. By analysing the way dyad partners changed from the 
induced to the baseline approach we could observe some interesting behaviours. The first kind of 
change was a smooth transition between the induced and the baseline behaviour. The second kind of 
change was more surprising. In some cases dyads adopted the baseline behaviour immediately after 
starting a trial and kept this approach constant for the rest of the trial, but in the following trial they 
adopted the strategy which was last induced and kept it for the remaining of that trial. In subsequent 
trials they switched back again to the baseline strategy. An example of these two transitions is 
illustrated in Figure 3.25. As we can see from this particular dyad, the partners were induced a 
balanced pushing-against-each-other approach (see Last forced trial). At the subsequent trial (Free 
trial 1), dyad partners kept pushing against each other, but the synchrony, as suggested by the 
patterns of interaction torques was lost (yellow partner tending to have the driving role). In the 
Figure 3.25 – Example of a dyad switching between strategies in two different ways. Free trial 2 shows a 
smooth transition between the learned and the baseline behaviour. Whereas the switching between Free trials
3-5 suggest that perhaps two independent behaviours have been learned and dyads alternated between these
two behaviours.   
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following trial (Free trial 2), subjects started roughly with a pushing strategy, but they smoothly 
transitioned to a “yellow-drive and green-stays-centred” approach. The dyad kept this behaviour for 
the next trial (Free trial 3), but surprisingly, in the subsequent trial (Free trial 4) the dyad switched 
back to a kind of pushing-against-each-other approach; this last strategy being consistent with the one 
that was last forced. In the last trial (Free trial 5), dyads returned, without hesitation, to their 
original baseline strategy. 
The smooth transitions were seen in many dyads (e.g. Testing A - D1; Testing C - D4, D5; Testing 
D - D2, D5). The trial switching were seen less frequent, but were also present in some dyads (e.g. 
Testing A - D3; Testing D - D4; Washout - D2, D5).  
The change of two different approaches between trials is consistent with other findings that 
suggest that when individual subjects perform a task with multiple solutions, subjects unconsciously 
alternate between them (Ganesh et al., 2010b; Kodl et al., 2011). On the other hand, the smooth 
transitions towards a baseline suggest that there may be an optimal solution, but this solution is 
specific to different combinations of partners (as suggested by different baseline strategies). Figure 
3.26 shows a comparison between the amount of overlap in the dyad’s muscle reciprocal activation 
during both free and forced trials (last 2 trials). There was a clear difference (Mann-Whitney test 
p<10-10) between the amount of overlap in the free and forced sessions. Though there was no difference 
between the first and last free trial during the testing sessions (Mann-Whitney test p>0.069), this 
overlap suggests that partners try to achieve a certain level of low-level synchrony with their 
respective partner. The strategy transitions could then occur if this synchrony becomes too out-of-
phase or arrhythmic. To analyse this last statement the next sub-section proposes a method to 
investigate the level of synchrony in our task by looking at the EMG activity of both partners. 
 
Figure 3.26 – Percentage of overlap in reciprocal activation during free trials (blue) and the last two forced 
trials (red) of each Inducing stage 
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3.6.3 Low-level synchrony revealed by sEMG analysis 
Although it provides a good insight about the general approach dyads take, a tenet of the broad 
classification method of the previous section is that it does not provide information about low-level 
interactions. The approach suggested by Stefanov et al. (2009) looks promising at analysing haptic 
interactions at a lower level by identifying roles of executorship and conductorship and assigning 
different types of mechanical work provided by each of the partners with more time resolution. 
However, this method falls short in providing information about the true intention of each partner. 
Trying to analyse synchrony solely by looking at interaction torques may be challenging, as forces 
recorded at the interaction level are almost symmetrical. In addition, the interference caused by 
friction may become significant when dealing with low forces. In other words, one can always measure 
“some” interaction torque and assign roles to each partner, but whether this corresponds to the 
person’s real intention (either conscious or unconscious) or just an effect of mechanical 
friction/damping cannot be disambiguated. Figure 3.27 shows five different trials in which the method 
proposed Stefanov et al. (2009) was applied to assign roles to each partner and distribute the 
mechanical work accordingly. Note how it is possible to detect some changes in the role distribution 
with a finer time resolution, but this do not bring any extra information compared to the probabilistic 
method we proposed in previous sections. Conversely, finding out roles would require further 
interpreting this fine granularity description at the dyad’s level. 
We hypothesise that one can have a good insight about the low-level interactions and synchrony 
by analysing the muscular activity during the course of the trial. Given the time-varying and non-
stationary nature of the interactions dyads display, one cannot rely on “traditional” methods for two 
time-series analysis such as simple cross-correlation or cross-spectral density analysis.  
Dyadic interactions are highly coupled, and though one cannot easily attribute causality to certain 
behaviours, a time-frequency localisation analysis could reveal some of the processes behind the 
coordination in motor tasks. A common problem to determine this kind of interactions is seen in 
geophysical processes, where one would like to see the influence or coupling between two individual 
processes, e.g. temperature and sea level oscillations. 
A standard technique for time-frequency localisation is the short-time Fourier transform (STFT). 
However, this method imposes a scale depending on a particular window, which results in aliasing of 
high and low frequency components that do not fall within the frequency range of the chosen window 
(Torrence and Compo, 1998). As it is not really known at which frequencies dyadic haptic interactions 
may be happening STFT is thus not suitable. 
To avoid these and other disadvantages of STFT, the wavelet transform (WT) can be used 
instead, which is a powerful tool for analysing non-stationary time series (Daubechies, 1990). The 
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diligent reader who would like to learn the specifics about wavelet transforms I referred to 
(Daubechies, 1992) or (Torrence and Compo, 1998). 
An extension of a “traditional” cross-spectral density analysis to wavelets has already been 
proposed for the analysing of two time series in geophysical processes (Torrence and Webster, 1999; 
Grinsted et al., 2004).  Assuming that dyadic synchrony could be best described by spectrum 
 
 
Figure 3.27 – Example of five different trials comparing both, the broad classification representation and
temporal role/work assignment proposed by Stefanov et al. (2009). The broad classification is shown on top of
each torque plot. The role distribution is shown below the torque plot. The blue line corresponds to the
executor role, while the red corresponds to the conductor one (G- green, Y- Yellow). As proposed by Stefanov
et al. (2009), the mechanical work can be classified as transition (dotted lines) or persistent (solid lines), and it
is assigned to the partner who has the conductor role.  
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coherence, relative power and amount of lead/lag between the two time series (e.g. sEMG reciprocal 
activations of each partner), we propose to extend this work and use cross-wavelet and wavelet 
coherence (Torrence and Compo, 1998) to analyse muscular activity from both partners. 
 Analogously to the Fourier cross-spectrum, the cross-wavelet transform ( xyW ) of two time series 
nx  and ny  is defined as 
*xy x yW W W , where xW  and yW  represent the continuous WT of nx  
and ny  respectively, and * denotes the complex conjugate. 
Typically, one would normalise the xyW  with respect to the product of the standard deviation 
of nx  and ny . While this would be useful for some applications, in our case it may be more 
convenient to use a different normalisation process. Assuming that the time series nx  and ny  are 
already normalised (e.g. nx  and ny  corresponding to the RA normalised with respect to torque for 
each partner), it would be convenient to express the cross-wavelet  of xyW such that it gives a 
measure of the power relative to each partner‟s signal. The normalised cross-wavelet density (XWD) is 
then defined as 
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where XsmW  and 
Y
smW  denote the smoothed WT (in both time and scale) of 
xW and yW , 
respectively (as in the denominators of eq. (3.16)).  
Regardless of the wavelet chosen for the analysis, there is always a one-to-one relationship 
between the wavelet scale (s) and Fourier period. If one chooses a complex wavelet (e.g. Morlet 
wavelet) one can extract some information about the relative phase of nx  and ny  in time-frequency 
space as: 
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In addition, analogously to the Fourier square coherence, the wavelet squared coherence (WTC) 
provides information about frequency bands on which the two time sequences co-vary. Following 
Torrence and Webster (1999), we define wavelet coherence as: 
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where the operator sm() indicates smoothing in both time and scale using parameters as in (Grinsted 
et al., 2004). 
For subsequent wavelet analyses presented in this chapter, the software provided by Grinsted et 
al. (2004) was modified to our particular purposes. The wavelet chosen for the analysis was the Morlet 
wavelet function ( 0 6 ), which provides a good balance between time and frequency localisation. In 
addition, as suggested by Torrence and Compo (1998), the wavelet plots presented hereafter display a 
Cone of Influence (COI), which indicates the zones in which edge effects (due to dealing with finite-
length time series) become relevant. 
A very simple example that illustrates the kind of information that can be obtained from this 
methodology is shown in Figure 3.28. In this example, two noisy signals x (blue) and y (red) oscillate 
at approximately 0.2 Hz. In the three cases shown in the figure, the red signal leads the blue signal 
during the first half of the time; it then loses momentum and starts lagging the blue signal for the rest 
of the time. In the first example (first column of Figure 3.28), the two signals have similar amplitudes; 
in the second example (middle column), the red signal is ten times smaller than the blue signal; in the 
third example (last column), the red signal is hundred times smaller than the blue. The figure shows 
the XWD and followed by the WTC of these two signals for the three different cases. It can be 
observed that the XWD give us information about the relative power between these two signals. The 
WTC, on the other hand, is not influenced by the different amplitudes and thus reflects only how 
these two signals co-vary in the time-frequency space. The arrows on top of XWD and WTC denote 
the relative phase between the two signals. Arrows pointing from >0° to <180° mean red signal leads 
blue, whereas arrows pointing from <0° to < -180° mean red signal lags blue. 
Meeting each other: dyads get in synchrony during familiarisation trials 
This method was used to investigate whether dyads tended to synchronise between them. As all 
dyads converged to a different specific baseline behaviour (see Figure 3.24), and given the fact that 
during free trials the reciprocal activation tended to overlap (see Figure 3.26), the first four free trials 
dyads completed were analysed. It was conjectured that if there was any tendency for synchrony, it 
should be possible to observe this trend trial-after-trial when dyad partners interact with each other 
for the first time.   
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Figure 3.29 shows the interaction torques, reciprocal activations, XWD and WTC for dyad 2 (D2) 
during the first four free trials. During the first free trial, these dyad partners interacted with having 
one of them driving the movement and the other stabilising it, as suggested by the interaction torque 
patterns (GD-YsC). By looking at the relative phase between the RA of both partners (at the 
relevant frequency, i.e. around 0.2 Hz where the coherence is high and also the relative power), one 
can notice that by the end the first trial, EMG activity tended to become more in-phase (see phase 
arrow of first trial in Figure 3.29 transitioning from ~135° to ~45°). During the second free trial, the 
dyad first started with their original approach, but the pattern of interaction torques suggest that 
they started to become more specialised and dyads adopted a different strategy.  
Figure 3.28 – Example of cross-wavelet density (XWD) and wavelet coherence (WTC) spectrum of two signals:
x (blue) and y (red). Red signal leads the blue one during the first half of the time and then lags it. Each 
column presents the same temporal information, but the amplitude of the red signal is decreased. Note that the
colour scale for the XWD is in log2 scale. The maximum values in XDW are: 1.0 for the signal at the left, 0.1 
for the middle one and 0.01 for the one at the right. The direction of the arrows indicates the relative phase of
both signals. Wavelet plots display a Cone of Influence (COI), which indicates the zones in which edge effects
(due to dealing with finite-length time series) become relevant. 
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Figure 3.29 – An example of a dyad getting in synchrony. The figure shows the first four free trials performed
by the dyad. While the interaction torque patterns tend to vary, by looking comparing the reciprocal EMG
activation (RA) from both partners one can observe a trend in the relative phase between RAs. Trial after
trial, signals tend to become more in-phase.  
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By comparing the relative phase of this trial with the previous one, it can noticed that the RA 
between partners tended to gradually become more in-phase (see phase arrow of second trial in Figure 
3.29 starting at ~45° and slowly shifting to ~20°). By the third round, it became clearer that the dyad 
partners were interacting more in synchrony (i.e. in-phase). There were periods of time in which this 
synchrony was lost, but it then tended to return (see phase arrow of third trial in Figure 3.29 starting 
at ~0° then moving to ~45°, moving back to ~0°, shifting to ~30° and then back to ~0° again). By the 
fourth round, the dyad partners were already familiarised with each other and even from the start of 
the trial the relative phase between RA activities was almost aligned (see phase arrow of fourth trial 
in Figure 3.29 staying steadily at ~0° for most of the time). Interestingly, if one looks at the 
interaction torque patterns one can see a switch in the behaviour, going from “pushing” to an 
alternating pattern. By looking at relative phase of the RA, one can notice that dyads started to loose 
synchrony at approximately t=35s, which aligns with the switch of approach suggested by the 
interaction torque pattern. While the interaction torque pattern never returned to the original 
approach (i.e. suggesting pushing), the relative phase between dyad’s RA did go back to in-phase (see 
phase arrow of fourth trial in Figure 3.29 shifting to ~-45° at approximately t=35 s but moving back 
to ~0° after a short period of time).  
All dyads behaved in a similar fashion, going from out-of phase during the first trial to in-phase in 
by the fourth round. Figure 3.30 shows the distribution of absolute value of the relative phase and 
coherence between muscle reciprocal activation of all dyads during the first four free trials of the 
experiment. There was a clear tendency of becoming in synchrony as suggested by the relative phase 
of the RA from both partners coming close to 0° and the coherence increasing.  With the exception of 
first and second trials in the coherence values (Mann Whitney test p=0.37) trials were statistically 
different from each other (Mann Whitney test, p<0.01). 
 
Figure 3.30 – Absolute relative phase and coherence between muscle reciprocal activation of all dyads
during the first four free trials of the experiment. The relative phase tends to 0 while the coherence
tends to one, suggesting more synchrony between dyad partners. With the exception of Ft_1 and Ft_2
in the coherence values (Mann Whitney, p=0.37), all trials were different from each other (Mann
Whitney test, p<0.01). 
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Synchrony or both partners trying to do the same? 
From the previous analysis it is not intuitive to attribute the term synchrony to a relative phase of 
reciprocal activation close to 0°. Does this mean dyad partners are trying to activate agonist muscles 
at the same time, both trying to move in the direction of the moving target? 
The meaning of a relative phase of RA between partners close to 0° at the task frequency (0.2 Hz) 
should not be interpreted as both partners doing the same but rather as both partners modulating 
their flexors and extensors such that the resulting activation of each partner is in-phase with each 
other.  
Given the redundancy of the system, a partner can activate his/her flexors or extensors in 
multiple ways, yet resulting in the same RA pattern. Consider the example presented in Figure 3.31. 
The interaction torque suggests dyad partners interact roughly by a synchronized pushing against 
each other. This is consistent with the alternating pattern of activation of the extensors from the 
Figure 3.31 – Example of a trial where the reciprocal activation of both partners have a relative phase close to
0°.    a) Interaction torque, reciprocal activation and EMG activity from each parner, b) Cross-wavelet density 
and wavelet coherence between the reciprocal activation of each partner. Note that the relative phase between
the RA of each partner tends to be in-phase regardless of the difference in activation patterns in flexors and
extensors between partners.  
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Green partner and the flexors from the Yellow partner. The activation of both partners is quite 
different yet the resulting RA is quite similar for both of them.  In a way, this shows that there is 
indeed synchrony in the modulation of activity between partners. 
Section summary 
In this section, the interaction during unperturbed trials was investigated. To systematically 
analyse this behaviour, dyad partners were induced to adopt a particular approach by means of 
altering each partner’s cursor adaptively. This method was successful in inducing a desired pattern of 
interaction torques and transitions could be interpreted more adequately. As observed in previous 
sections, dyad partners tended to converge to a baseline behaviour that is specific to each dyad. After 
the inducing trials, two main behaviours were observed. First, some dyad partners tended to converge 
to their baseline behaviour smoothly. Second, some dyads alternate between solutions (i.e. induced 
and baseline) trial after trial. To analyse the smooth convergence to the baseline behaviour, a time-
frequency analysis using wavelets was proposed. Results from this analysis suggest that regardless of 
the interaction torques, dyad partners have a strong tendency to synchronise with each other.  
3.7 Discussion 
In everyday life we constantly and unconsciously synchronise our behaviour with others. A typical 
example is the way we adopt our gestures and posture during face-to-face communication. Studies in 
social sciences and psychology have shown that people (in general) do not interact randomly or 
independently but in a coordinated and synchronised fashion. This phenomena has been described as 
interactional synchrony, which is a term that describes “rhythm, simultaneous movement and the 
smooth meshing of interaction” (Bernieri and Rosenthal, 1991). While these studies have provided 
great insights about the way we interact with others, most of these studies have focused on non-verbal 
communication without haptic interactions. 
In this chapter, we went from identifying a number of interaction strategies for two humans 
undertaking a collaborative tracking task to proposing methods to measure and understand 
redundancy and synchrony in haptic interactions. 
In the first sections of this chapter (Sections 3.3 and 3.4), an automatic classification system for 
the strategies identified in our task was proposed for both offline analysis and online experimental 
adaptations. In contrast to previous studies (e.g. Reed and Peshkin, 2008; Stefanov et al., 2009), 
which propose classifications of partner specialisations with fine time resolution, our broad 
classification method classifies strategies as a dyad approach and with less time resolution. Our 
method consists on comparing interaction torques patterns against predefined “templates” that 
resemble recurrent patterns of interaction torques observed in preliminary experiments. One possible 
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shortcoming of this method, is that it relies heavily on our experiment task. However, similar 
approaches could be used in more complicated tasks in which pattern recognition techniques could be 
used to identify recurrent patterns automatically. Nevertheless, our broad classification method 
offered some advantages over techniques with finer time resolution. Whereas finer granularity gives a 
good insight about low level interactions in time, it makes it difficult to analyse the data 
systematically when long, repetitive trials are being performed. The fine time resolution and the 
association of roles to each partner make it hard to interpret results. In other words, if a finer 
granularity was to be chosen to analyse these aspects, it would be required to develop methods to 
interpreting this fine granularity at the dyad’s level. In contrast, our broad classifier allowed us to 
systematically analyse behaviour at a higher level. 
Strategy disambiguation in dyad systems has become a particular point of interest. Given the 
presence of kinematic and muscular redundancies, there are numerous means by which dyad partners 
can coordinate their movements to satisfy task goals. In the experiments presented in Sections 3.3 and 
3.5 we elucidated and characterised haptic interaction strategies that dyads use in undertaking a 
collaborative tracking task while attenuating perturbations. It was observed that dyads alternate 
between strategies but they showed a tendency to counteract external perturbations by increasing the 
amount of interaction torque (i.e. a tendency to push apart or pull together) rather than increasing 
their own co-contraction level. Other experiments involving dyadic interactions (Reed and Peshkin, 
2008; van der Wel et al., 2011) have also reported that dyad partners exert much greater interaction 
forces than those necessary to achieve task goals. The study by van der Wel et al. (2011) contrasted 
bimanual and dyad results and found that dyad interaction force systematically exceeded bimanual 
interaction force. The authors reasoned that the increased force served as a means of strengthening 
communication between the partners. In contrast to this view, we believe that the increase of force is 
just by-product of unsynchronised forces, underestimation of their partner’s forces or a mean of 
preventing asynchronous motions (or a combination of the three). First, evidence for this comes from 
our observation of an independent static task (Section 3.5), in which partners produced significant 
amount of interaction forces even though i) one of the dyads knew that they were working together 
and ii) at some point they were explicitly told that the task could be done differently. This behaviour 
is consistent with the fact that self-generated forces are perceived as weaker than externally generated 
forces (Shergill  et al., 2003); this predictive sensory attenuation can affect how one person reacts to 
the forces produced by the partner, thus leading to force escalation during repetitive physical contact. 
Secondly, because the perturbations introduce instability, the cursor position becomes less predictable 
at any time. Dyad partners lose spatial precision and are less certain about their location relative to 
the target. If partners are already pushing or pulling, the likelihood of them changing the overall 
direction of motion is decreased as this would result in an even more asynchronous motion of the 
target, thus they keep pulling or pushing. 
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The reason why dyads alternate between behaviours is still poorly understood. In a recent 
experiment, Groten et al. (2009) studied how haptic feedback affected dominance behaviour in a dyad 
collaborative tracking task. They found out that the switching between dominant and non-dominant 
behaviours was high. They concluded that dominant behaviour seems to be more linked to the person 
rather than to the interaction parameters. To further understand how/why these switching behaviours 
happens, in Section 3.6.1 we designed an experimental paradigm in which dyads where encouraged to 
adopt a particular behaviour. 
In that section, we also demonstrated the feasibility of using visual alterations as a technique for 
influencing dyad behaviour and, at least while the cuing was present, this encouraged dyads to quickly 
adopt force patterns that differ from their original baseline behaviour. Although our method to induce 
a dyad behaviour fell short of enabling consistent retention of the imposed strategies, it was effective 
in shaping the behaviour of the dyad. In planning our experimental protocol we considered the fact 
that using implicit rather than explicit information is an important factor for learning a motor task. 
For example, in an experiment by Wulf and Weigelt (1997), authors showed that healthy subjects 
learning slalom techniques on a ski simulator decreased their performance when they were given 
explicit instructions on optimal movement and force application patterns. 
The proposed systematic way for shaping interaction facilitated further analyses and helped us to 
gain knowledge of why a dyad might favour one particular strategy over another. One interesting 
observation was the presence of multiple solutions and switching randomly between them. This is 
consistent with previous studies that suggest that movements are planned not only by the current 
execution, but also from the history of previous movements (Kodl et al., 2011). We also observed a 
general trend for dyads to converge slowly to a baseline strategy. This baseline strategy was not the 
same on all dyads, suggesting that the solution for the task was not global but specific to each 
particular dyad. We conjectured that the observed behaviour may be a by-product of dyads 
attempting to reach a certain level of synchrony. In this regard, we proposed a method for analysing 
synchrony in the time-frequency space by using cross-wavelet density and wavelet coherence on the 
EMG signals from both dyads.  
 Different roles can always be assigned to each partner based on interaction forces, but 
understanding the underlying principles of why these roles change over time is still not well 
understood. Given the multiple solutions but the common synchronised behaviour observed by 
analysing the EMG activity (Section 3.6.3), we suggest that partners may not care about being 
“leader” or “follower”, but rather to avoid abrupt changes over time with low metabolic cost. The 
latter can only be achieved by adapting continuously to the dynamics of the changing environment, 
i.e. synchronise regardless of the resulting role. Whether this is a consequence of each partner 
estimating his/her other partner’s intentions or if this is just a consequence of two separate processes, 
each adapting independently to changes in the environment, cannot be answered with the 
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experimental paradigms presented in this thesis. The results from the trials with external mechanical 
perturbation suggest the latter, but this is still an open question and presents and interesting 
challenge for further research.  
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4 Lateral deviation of upper-limb movements during 
common daily activities 
“Why are you so sure parallel lines exist? 
Believe nothing, merely because you have been told it, or because it is 
traditional, or because you have imagined it. 
Gautama Buddha (563 BC - 483 BC) 
 
Overview – Upper limb reaching movements roughly follow a straight line. Based on this 
principle, simple devices have been proposed for the rehabilitation of the upper-limb. To 
what extend can we generalize the straightness of movements when performing daily 
activities such as picking common objects, drinking or eating? Moreover, when constrained 
along a path, what is the natural variability in the force produced on the constraining 
walls? Can this information be used to quantify performance? This chapter presents two 
experiments: i) Analysis of lateral deviation during pick-and-place, drinking and eating, 
and ii) Lateral force variability during lateral-constrained movements. Experimental results 
show that the amount of lateral deviation during common activities is no more than 5% of 
the target distance. It is also shown that lateral force variability can be an important factor 
to consider when constraining therapeutic training in lateral-constrained conditions. Parts 
of this chapter have appeared in (Yeong et al., 2009a).  
4.1 Introduction 
Robotic devices are increasingly used to repeat movements in order to improve motor performance, 
e.g. in sports training or for rehabilitation of stroke survivors. These devices can generate computer-
controlled forces and shape the learning of different dynamic tasks (Reinkensmeyer and Patton, 2009). 
Many dedicated robots such as MIT-Manus (Takahashi et al., 2005), Gentle/S (Loureiro and Harwin, 
2007), ARMin (Nef et al., 2007a), to name few, have been developed for the upper limb rehabilitation.  
Yet, a drawback of most of these devices is the large size and the mechanical complexity. While such 
systems could be used at large rehabilitation centres, they are not portable enough to be used in 
decentralized rehabilitation centres or at home (Dovat et al., 2007), and are too expensive for most 
people. 
During reaching movements, the hand follows approximately a straight line movement (Abend et 
al., 1982; Morasso, 1981). Based on this principle, simple rehabilitation robots have been developed, 
such as ARM Guide (Kahn et al., 2001) or ReachMAN (Yeong et al., 2009b) (see Figure 4.1), and 
virtual channel strategies (Nef et al., 2007b; Hogan et al., 2006) have been implemented on more 
complex robots to restrict the patient’s movements along a straight line. 
However, it is also known that movements in certain regions do not follow a straight line but a 
curved path (Atkeson and Hollerbach, 1985). In fact, the observation of straightness is qualitatively as 
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previous research has also shown that there is a slight curvature in reaching movements, probably due 
to perceptual distortion (Wolpert et al., 1995; Wolpert et al., 1994). 
 
Eventually, the goal of a therapy is to help the patient to regain his/her ability to perform 
functional task such a taking a cup or eat. What is the magnitude of lateral deviations that occur 
during these daily day activities? To investigate this question, we performed a study on healthy 
individuals (Yeong et al., 2009a) in order to analyse the amount of curvature that happens during 
essential daily activities such as pick-and-place objects, drinking, and eating (Section 4.2). These 
activities were selected as they are critical functional activities for recovery and are the most 
commonly trained activities during conventional therapy. 
In addition, we are interested in examining the extent of force that patients and healthy 
individuals would apply along the walls of a constraining channel when performing movements along a 
straight line (Section 4.3). This could give us information about the effect of constraining movements 
in a channel for therapeutic purposes.  
4.2 Lateral deviation during daily activities 
4.2.1 Experimental setup 
Five male, right-handed, healthy individuals (age: 26.8 ± 3 years, height: 1.74 ± 0.06 m), with no 
history of neurological disorders participated in the study. Subjects were asked to perform a pick-and-
place, a simulated drinking and a simulated eating tasks. Movements were recorded using a ten 
camera, Vicon MX digital optical motion system at a rate of 200 Hz. Passive markers were placed on 
the right and left acromion, back and front torso, right humeral lateral epincondyle, right radial 
lateral epincondyle, and on the object to be manipulated. 
 
Figure 4.1 – Example of two rehabilitation robots that constrain movements along the straight line. 
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Pick- and-place task 
Subjects were asked to sit comfortably on a chair in front of a table. The chair height was individually 
adjusted such that when the subject flexed the arm (elbow flexion: 90°, shoulder flexion: 0°, shoulder 
abduction: 0°) and placed his forearm on the table, this would not produce any scapular elevation. To 
adjust the distance between each subject and the table, each person was asked to hold a glass (8 cm 
in diameter) placed at a fixed position on the table (origin) and located in the midsagittal plane of the 
subject. Subjects were asked to hold the glass with a wrap grasp (see Figure 4.2b) and with 
comfortable shoulder abduction. The chair was then adjusted such that the subject’s elbow was flexed 
at 90°. 
Subjects had to pick-and-place a glass at 30 different positions located along three straight paths 
rotated  -30°, 0° and 30° respectively from the midsagittal plane as shown in Figure 4.2a. Paths 
rotated beyond ±30° were not considered as movements performed along these paths would (especially 
when arm adduction is required) involve a lot of shoulder movements which could cause pain in 
subacute patients. Each position was indicated with a 5 mm marker and numbered from 1 (near) to 
10 (far) for each path. To facilitate further comparison between subjects’ data, the task was 
normalised such that markers within each path were separated at intervals of 10% the length of each 
subject’s arm (which we defined as the length from the acromion to the middle-finger knuckle). Arm 
lengths varied from 61 to 67 cm between subjects. 
Each subject was instructed to pick the glass from the origin position and place it on top of a 
marker (outward movement), wait for approximately 3 s, then pick the glass again and bring it back 
to the origin (inward movement). Subjects were asked to perform this action going from markers 1 to 
10 for each path and starting from the -30° path, following the 0° and ending with the 30° one, and to 
move at comfortable speed. 
Subjects repeated this procedure six times: three times using a wrap grasp (Figure 4.2b) and three 
times using a circular grasp (Figure 4.2c). Each subject made a total of 360 pick-and-place movements 
(90 inward and 90 outward movements with a wrap grasp and the same with a circular grasp). 
 
Figure 4.2 – a) Pick-and-place setup; b) wrap grasp and c) circular grasp. 
Lateral deviation of upper-limb movements during common daily activities 
– 96 – 
Simulated drinking task 
Within the same setup used for the pick-and-place task, subjects were asked to perform 30 drinking 
movements: 5 movements on each 2nd and 4th marker of each path. Subjects were instructed to pick 
the glass with a wrap grasp, simulate drinking from it (moving at comfortable speed), hold the glass 
still at the mouth for approximately 3s and place the glass down on the same marker. 
Simulated eating task 
With the same setup as before, subjects were placed an extra marker on their right thumb distal 
phalanx and asked to hold a spoon. A mass of 12 g was placed on the tip of the spoon to simulate 
food. A small plate of 15 cm in diameter was centred at the 2nd marker of the 0° orientation path. 
Subjects were then asked to perform 10 movements simulating eating soup and to move at 
comfortable speed. They were instructed to hold the spoon still before starting the movement and 
when reaching the mouth for approximately 3 s; this, in order to ease segregation of the data 
afterwards. 
4.2.2 Data analysis 
Raw data was filtered using a zero-lag, second-order, low-pass Butterworth filter with a 5 Hz cutoff 
frequency. A computer program was developed to automatically segregate outward from inward 
movements using the velocity of the object’s markers. Movements were separated when the magnitude 
of the object’s velocity was equal or above 5% of the correspondent movement’s peak velocity. All 
processed data was visually inspected to guarantee the algorithm did not delete part of the movement 
or mistake movements. 
To compare data across trials, time was normalized by dividing the present time (considering t=0s 
at the beginning of each movement) with the total time that was taken to complete the particular 
movement. Then the lateral deviation of the movement from the straight line that connects the 
starting point and the end point for all tasks was analysed.  
For the analysis of the lateral deviation for the pick-and-place task, movements were separated in 
12 clusters according to their direction, i.e. outward and inward for -30°, 0° and 30° paths, and to the 
type of grasp used, i.e. wrap or circular. Each cluster comprised data from 10 target distances, i.e. 
from 10% to 100% the subject’s arm length; for the drinking task, movements were separated in 6 
clusters according to the glass’ start position, i.e. 2nd and 4th for each -30°, 0° and 30° path; finally, for 
the eating task, all data was analysed together. Lateral deviation from the straight line was defined as 
the displacements from the straight line that connects the first and last point of each movement along 
the axis that is perpendicular to this line and parallel to the XY plane. Positive lateral deviation was 
defined for displacements towards the right-hand side of the subject for both inwards and outwards 
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directions.  In order to combine these data, lateral deviation was normalized by dividing the present 
deviation with the target distance. Data was re-sampled at every 1% of the normalized time using 
cubic splines interpolation. 
In all cases, the target distance was defined as the Euclidean distance between the start point and the 
end point of a particular movement. For all analyses, and to avoid assuming a normal distribution of 
the data, trajectories are presented as a seven-number summary including the 2nd, 9th, 91st and 98th 
percentiles, the 1st and 3rd quartiles and the median.  
4.2.3 Results 
Pick- and-place task 
For a given path, the seven-number summary of the normalised deviations for each target distance 
did not differ significantly from each other and therefore data for each path were grouped together; 
this allowed us to reduce the data from 120 to 12 data clusters. When analysing the data for each of 
the different directions, data was normally distributed for every re-sampled normalised time. 
Deviations while using a wrap grasp, or a circular grasp, were compared on the respective clusters 
at different conditions, e,g. -30° outwards, wrap grasp movements were compared with -30° outwards, 
circular grasp movements, and so on. No significant difference was detected (t-test, p>0.05 for every 
condition) and the correlation between the median trajectories of each condition was greater than 
0.85. Therefore, data from both conditions were combined together for the different directions, i.e. -
30° outwards, wrap grasp movements were combined with -30° outwards, circular grasp movements, 
and so on. 
 
Figure 4.3 – Lateral deviation during pick-and-place task at different orientation angles.   
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Figure 4.3 shows a seven-number summary of the lateral deviations for each orientation condition 
during the pick-and-place task. Locations of the different percentiles were almost equally spaced 
suggesting normally distributed trajectories. It was found that, for a pick-and-place movement 
subjects deviate from the straight line less than 5% of the length of the target distance for at least 
82% of the data trials, e.g. if a subject (arm length > 50 cm) is asked to perform a pick-and-place 
movement to a target which is located 50 cm away and located on a path at 0° from the sagittal 
plane, we can expect a deviation of less than ±2.5 cm from that path. Moreover, although we did not 
test for significance, the data show that there is a slight tendency to laterally deviate to the right 
when performing movements directed at -30°, and to laterally deviate to the left when performing 
movements directed at 30°. This could be justified by the biomechanics of the subjects, in the sense 
that pick-and-place movements that are more directed towards the medial part of the body require 
less elbow extension and more shoulder adduction, whereas pick-and-place movements that are more 
directed towards the lateral side, require less shoulder movements and more elbow extension. 
Simulated drinking task 
For the simulated drinking task a similar procedure to the pick-and-place was followed in order to 
analyse the data. Figure 4.4 shows the lateral deviation from the line that connects the starting glass 
position (on the table) to the end glass position (at the mouth) for different target distances and 
orientations. From the results, it can be seen that drinking movements requiring the shoulder more 
adducted seem to have less lateral deviation from the straight line; also, the farther the starting point, 
the larger the lateral deviation.  As in the pick-and-place task, approximately 82% of the data trials 
 
Figure 4.4 – Lateral deviation from the straight line for “drinking” movements (from table to mouth). Each 
graph corresponds to a given condition of normalized marker distance NMD) and path orientation (PD). 
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deviate from the straight line less than 5% of the length of the target distance, which in this case is 
determined by the height of the subject’s torso and initial glass position on the table.  
Simulated eating task 
Again, a similar procedure as before was followed in order to analyse the data. Figure 4.5 shows the 
lateral deviation from the line that connects the starting spoon position (near the table) to the end 
spoon position (near the mouth). 
 Percentiles of the lateral deviation for eating are less equally spaced compared to the pick-and-
place and drinking tasks. This is expected as different subjects have different strategies for 
manipulating the spoon to eat soup, whereas performing pick-and-place and drinking movements 
require more similar movements within subjects. Nonetheless, approximately 96% of all the data trials 
also deviate from the straight line less than 5% of the length of the target distance. 
Wrap and circular grasps for performing pick-and-place movements have similar effects on the 
lateral deviation from the straight line given different target directions: -30°, 0° and 30° paths from 
the midsagittal plane.  Lateral deviations for all tasks are so small compared to the target distance 
(approximately 82% of all trials deviate laterally less than 5% of the target distance) that these 
activities could be considered to be performed mainly along a straight line. This suggests that these 
activities could be possibly trained with the same and yet simple robotic devices.  Nevertheless, 
whether this amount of lateral deviation is significant or not for the learning during the rehabilitation 
process is yet to be answered. 
4.3 Lateral force variability in post stroke patients 
Recently, the Human Robotics group obtained a grant funding from The Stroke Association to 
perform an exploratory study to help us to determine the future recruitment criteria of a robotic 
therapy. The aim is that at least hundred consecutive patients with stroke admitted to the National 
 
Figure 4.5 – Lateral deviation from the straight line for “eating soup” movements (from table to mouth). 
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Hospital for Neurology and Neurosurgery (NHNN) are assessed by a physiotherapist seven days after 
admission and weekly for the first six weeks or until they are discharged whichever is the earlier. 
In this regard, I developed a passive prototype of the reachMAN (pReachMAN; Figure 4.6) to 
record impairment level information including the range (i.e. position) and strength (i.e. force/torque) 
of the following movements: supination, pronation of the forearm and extension and flexion through 
the elbow and shoulder. Since it is important to know how these movements translate into meaningful 
function, a range of functional outcome measures are to be assessed by a professional physiotherapist: 
type of stroke, NIH Stroke Severity Scale, Barthel Index, Fugl-Meyer Assessment for upper limb, 
POS, DASH, ABILHAND, Chedoke Hand and Arm Inventory, STREAM, SF-36, and EQ 5D. To 
achieve these goals a software application was also developed in order to allow physiotherapists to 
collect data from the passive device and store assessment measures in an easy-to-use and integrated 
manner. 
Using this device, we want to examine into what extent, post-stroke patients would rely on the 
lateral walls of the linear device to perform forward and backward movements and whether this 
information could be used as a metric of performance. This section presents a small pilot experiment 
to analyse this. 
4.3.1 Methods 
The study was approved by the joint research ethics committee of the (UK) National Hospital for 
Neurology and Neurosurgery and the Institute of Neurology in London. One female and two male sub-
acute patients with ages 36, 53, and 61 years old respectively gave consent to participate. All patients 
had suffered a single stroke within 3 months. Two patients (P1,P2) were affected by a left middle 
 
Figure 4.6 – a) Overview of pReachMAN device. b) A post-stroke patient performing reaching and 
pronosupination movements. 
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cerebral artery infarct, and the third one (P3) by a right middle cerebral artery infarct. None of the 
patients had major shoulder complications or visual impairments, and all were able to understand 
instructions. Patients were receiving conventional physiotherapy on a daily basic at the time of this 
experiment followed a Bobath approach, focusing on normal movement principles.  
In addition, three right-handed, healthy subjects (aged between 24 to 29 years) also participated 
in this study (H1, H2, H3). This was done in order to have a baseline for qualitative evaluation of the 
order of magnitude of deviations from the patients. In no way it was expected to compare healthy 
versus patients or the patients achieving the same level of performance. 
Participants sat comfortably on a wheelchair or on a standard chair. The height and distance of 
the device were adjusted such that the elbow was flexed at 90°, shoulder abduction at about 35° and 
shoulder flexion at 0°. The hand grasped the handle and was secured with a Velcro band while the 
arm was rested on a support. Participants were asked to perform ten forward and ten backward, 
15cm-long movements at a confortable speed. Patients were allowed to rest as much as they wanted 
in between movements and did the movements with their paretic arm. Healthy subjects performed the 
movements with their non-dominant arm.  
4.3.2 Results 
Humans can exhibit force oscillations greater than 8 Hz due to tremor or isometric contractions 
(McAuley et al., 1997). In order to neglect those frequencies, analysis in the lateral force profiles was 
done by first filtering the data with a zero-lag 2nd order Butterworth filter (cut off 5Hz). 
Figure 4.7 shows the lateral force applied against the walls of the device versus the hand position 
along the straight line. Figure 4.8a shows the distribution of the mean absolute force (MAF) applied 
against the channel across trials, i.e. for each trial, the mean of the absolute force was considered; this 
metric quantifies the total amount of force that subjects applied on the channel. P1 exhibited MAF 
ranging from 0.35 N to 5.02 N (min and max values) in both directions; P2 from 0.30 N to 5.56 N; 
and P3 from 0.37 N to 5.02 N. Healthy subjects ranged from 0.06 N to 0.63N (H1), 0.12 N to 0.58 N 
(H2) and 0.32 N to 2.5 N. 
Figure 4.8b shows the distribution of the impulse (integral of force over time) (IMP); this metric 
can be seen as a quantification of the bias of force in a particular direction (i.e. right or left). P1 
exhibited IMP ranging from -2.04 N·s to 2.2 N·s (min and max values); P2 from -4.69 N·s to 10.42 
N·s; and P3 from -0.93 N·s to 4.72 N·s. Healthy subjects ranged from -0.19 N·s to 0.23 N·s (H1), -0.23 
N·s to 0.09 N·s (H2), and -0.41 N·s to 0.47 N·s (H3). 
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As expected, it is clear that stroke subjects would exhibit greater amount of lateral forces and 
changes in direction than healthy subjects. Yet, the important message to take is that the amount of 
force produced by patients is not to be neglected.  Considering that in a “typical” velocity-dependant 
force adaptation paradigm subjects experience lateral forces >2 N which are sufficient to deviate the 
arm for more than ~10cm, not providing feedback to a patient about the extent of his/her producing 
force (which in some cases can be >10 N) may have an important influence on the learning. 
On the other hand, one could argue that these metrics could have been influenced by the starting 
position of the limb and therefore, they would be hardly punishing very low-frequency components. 
While we tried to be careful in positioning subjects, we do not neglect that possibility. Yet this would 
also make the point that constraining movements along a channel will not necessary train the same 
synergies every time, as the patient positioning would vary from session to session. 
To address this, we also present a metric which we define as “force smoothness”, in order to 
quantify the amount of oscillations on the lateral force profiles of our experiment. In a recent paper 
(Balasubramanian et al., 2011), we propose a robust and sensitive method for quantifying movement 
smoothness. This method is based on calculating the Arc length of the Fourier spectrum of a given 
speed profile. The rationale behind using the Fourier spectrum for quantifying movement smoothness 
is based on the observation that the complexity of the magnitude spectrum is affected by the changes 
in submovement characteristics, such as the number of submovements and the inter-submovement 
interval. Arc length, defined as the length along a curve, is proposed as a candidate for quantifying 
the complexity of the spectrum’s shape. The results of our paper demonstrate that this method for 
quantifying movement smoothness is superior to other traditional methods.  
 
Figure 4.7 – Lateral force vs. position along the straight line. Post-stroke patients performed movements with 
the paretic arm, while subjects with their non-dominant hand. On the right-lower corner of each figure the 
mean and standard deviation of the time taken to perform the movements is shown.  
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The same principle presented in our paper (Balasubramanian et al., 2011) can be applied for 
quantifying undulations in the force profiles. The force smoothness metric was defined as follows. First 
we compute the absolute value of the derivative of force with respect to time [ ]v n . Then, we compute 
the K -point Fast Fourier Transform (FFT) magnitude spectrum of the speed profile by padding 
( )−K N  zeros to it, where N is the total sample length. The zero padding ensures sufficiently fine 
frequency resolution in the magnitude spectrum to estimate the arc length accurately. 
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A good value of K  for an accurate estimation of spectral arc length was determined as 
( )log2roundup 42 NK +=  through simulation analysis ( ( )•roundup  rounds up to next closest integer). 
Next, we normalized the spectrum by the DC component as  
 
 
Figure 4.8 – Three different metrics that quantify the amount of lateral force: a) Absolute lateral force, b)
Impulse and c) force smoothness. 
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We then compute the smoothness value as follows: 
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where cK  is the index that corresponds to a cut off frequency above which components are neglected 
in the metric. The best possible value for this metric (i.e. the smoothest profile) is -1. This value 
would decrease monotonically with greater number of submovements and inter-submovement 
intervals. More details and comparison against other metrics can be found at (Balasubramanian et al., 
2011). 
Figure 4.8c shows the value of force smoothness (FS) for both the patients and the healthy 
subjects. P1 exhibited FS values ranging from -4.34 to -1.75 (min and max values); P2 from -5.93 to -
2.1; and P3 from -7.05 to -1.8. Healthy subjects exhibited values from -2.35 to -1.58 (H1), -2.99 to -
1.78 (H2) and -3.10 to -1.88 (H3).  
While the value of FS can directly give us an indication of the amount of oscillations, one could 
also compare the trial by trial variability and assess whether patients movements vary as much as in 
healthy individuals. The FS data was used for this purpose. First, data was checked for normality, 
and as one of the patient‟s data (P1) did not pass the assumption of normality (Shapiro-Wilk test of 
normality 6p 10 ), a non-parametric test was used (Conover squared ranks test) for assessing the 
equality of variances. Variances on healthy subjects were all equal ( .p 0 572 ), which then gives a 
baseline to compare against with. Then each patient was grouped with the healthy subjects and a 
Conover squared ranks test was performed to test the alternative hypothesis that at least one is 
different. None of the tests had a .p 0 001 , suggesting that all patients had different variability in the 
force produced. 
4.3.3 Follow up  
As a curiosity, I wanted to see how these patients had improved in reducing lateral force 
production after therapy. In addition to conventional therapy, these patients underwent a robotic 
therapy presented elsewhere (Yeong et al., 2010).  Patients carried out ten 30-minutes long sessions 
over a period of four weeks, with 2 or 3 sessions a week. After therapy, all patients increased their 
range of motion in reaching; P1 and P3 improved their strength. P2 and P3 showed an increase in 
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movement smoothness. In regard to functional assessments, P1 improved from 28 to 43 in Fugl-Meyer 
score, 12 to 22 in Chedoke and 3 to 12 in ARAT. P2 and P3 had no changes or very minor 
improvement. 
Patients performed another set of 10 forward and 10 backward movements as described 
previously. Figure 4.9 shows the lateral force applied against the walls for each of the three patients. 
Figure 4.10 shows a comparison between the first session (pre-therapy) and last session (post-
therapy).  
P1, who had showed remarkable improvements in functional assessments also showed 
improvements in both absolute lateral force (Mann-Whitney test .AbsFp 0 01< ) and force smoothness 
(Mann-Whitney (MW) test .Smoothp 0 001< ). Not significant improvement was seen in regard to 
Impulse (MW test .Impulsep 0 3= ). P2 did not show any significant improvement on the follow up test 
(MW test .AbsFp  0 35= , .Impulsep  0 71=  and .Smoothp  0 56= ), in fact, there was a qualitative increase 
in both lateral force production and impulse variability. On the other hand P3 showed significant 
decline (i.e. produced more lateral force) in the absolute lateral force produced (MW test 
6
AbsFp  10
−< ) and also in the variability of force production (Conover square ranks test .AbsFp 0 05< ). 
Although the patient showed a significant improvement in force smoothness (MW test .Smoothp 0 01< ), 
the amount of variability in the impulse was increased significantly (Conover test 6AbsFp  10
−< ).  
 
 
Figure 4.9 – Lateral force vs. position along the straight line of movements performed by the same patients
P1,P2 and P3 after completing 10 sessions of therapy. 
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4.4 Discussion 
In the first experiment we observed that lateral deviations for all tasks are so small compared to 
the target distance (approximately 82% of all trials deviate laterally less than 5% of the target 
distance) that these activities could be considered to be performed mainly along a straight line. These 
first results suggested that these activities could be possibly trained with the same and yet simple 
robotic device. 
Nevertheless, the second experiment showed that even after showing some improvements after 
therapy patients exhibit great amount of force production along the walls of the channel and in some 
cases, patients got worse in controlling their lateral force. To what extent this directly affects 
functional movements is unknown. However, reducing the number of DOFs in a training device 
reduces the amount of information about the environment, modifies the dynamics of the task and 
prevents error-based corrections. Hence, one can expect that learning will be affected (Winstein et al., 
1994) or that performance gains obtained in such a constrained environment may not transfer well to 
an unconstrained one. For example, in a recent study with the ARM Guide (Kahn et al., 2006), 
chronic post-stroke patients managed to perform functional tasks with partial support of the arm 
resting on a table or with the arm closer to the body after training reaching movements using this 
linear guide device; however, training with this device did not improve the patient’s performance in 
free space. A plausible explanation is that the arm movement requires substantial shoulder strength, 
which was not trained due to the constraints. 
Consequently, if simple robotic devices are meant to be an effective tool for teaching a more 
complex motor task, then it is necessary to compensate for the lack of feedback information to the 
trainee. In this context, the next two chapters (Chapter 5 and 6) explore possibilities of compensating 
for the lack of proprioceptive error due to the mechanical constrains. Chapter 5 explores the 
effectiveness of providing visual feedback so as to compensate for external forces. Chapter 6 explore 
the possibility of using visual feedback to encourage modulation of muscle co-activation, vital 
component to perform variety of movements in real life. 
Figure 4.10 – Comparison of lateral force between pre- (blue) and post- (yellow) therapy. a) mean absolute 
lateral force, b) impulse and c) smoothness metric. 
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Finally, the contributions of this chapter are not limited to present the motivational aspects for 
further chapters, but also provide ideas on different quantitative metrics that could be used to assess 
the progress and effectiveness of a particular therapy. For instance, one could measure the amount of 
curvature in the movement of a patient and compare that the “normal” range. In (Yeong et al., 2009a) 
we provided other metrics such as typical shoulder movements or vertical displacement of the objects 
when performing daily living activities. Another example is to use simple and portable devices, such as 
pReachMAN, and assess lateral force variability.  
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5 Visual cues to compensate for the lack of 
proprioceptive error 
  
Overview – In the previous Chapter, it was shown that when performing movements in a 
constraining channel, stroke patients rely extensively on its lateral walls. This could have 
implications in the learned dynamics. Can we manipulate the visual feedback given to the 
subject such that the lack of DOF is irrelevant? In the experiments presented in this 
chapter, subjects performed reaching movements in a constraining channel created by a 
robotic interface. The force that subjects applied against the haptic channel was used to 
predict the unconstrained hand trajectory under a viscous curl force field. This trajectory 
was provided as visual feedback to the subjects during movement (virtual dynamics). 
Subjects were able to use this visual information (discrepant with proprioception) and 
gradually learned to compensate for the virtual dynamics. Unconstrained catch trials, 
performed without the haptic channel after learning the virtual dynamics, exhibited similar 
trajectories to those of subjects who learned to move in the force field in the unconstrained 
environment. The results presented in this chapter show that it is possible to learn a 
viscous curl force field without proprioceptive error to drive adaptation, by providing visual 
information about the position error. These demonstrate that the internal model of the 
external dynamics that was formed through learning without proprioceptive error was 
accurate enough to allow compensation for the force field in the unconstrained 
environment. They suggest a method to overcome limitations in learning resulting from 
mechanical constraints of robotic trainers by providing suitable visual feedback, potentially 
enabling efficient physical training and rehabilitation using simple robotic devices with few 
degrees-of-freedom. Parts of this chapter have appeared in (Melendez-Calderon et al., 
2011d; Melendez-Calderon et al., 2009).  
5.1 Introduction 
From the stroke patient who would like to regain functionality of his limbs, to the athlete that 
would like to improve his technique, there is a vast range of people that would like to improve their 
motor performance. Nowadays, the use of robotic devices to achieve such a goal is increasing rapidly. 
Robots have the capability of providing external forces to manipulate the learning process of a 
dynamic task. Ideally, a robotic trainer would have at least six degrees-of-freedom (DOF) to perform 
tasks in space. However, the design, safety and cost demands increase drastically with more DOFs. 
Furthermore, robotic interfaces with complex designs are generally bulky and not portable, preventing 
their large-scale use. For these reasons, simple devices with less DOF than the real task demands are 
often used.  
How much of this training in the constrained environment is transferable to the unconstrained 
one? Previous studies in path guidance have shown that the apparent learned behaviour in the 
constrained environment do not translate into the unconstrained one (Armstrong, 1970 cited by; 
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Schmidt and Lee, 2005). In addition, guidance reduces the amount of information about the 
environment, modifies the dynamics of the task and prevents error-based corrections (Winstein et al., 
1994). Some recent studies (Liu et al., 2005; Milot et al., 2010) indicates that guidance is only 
effective in certain cases and that learning is dependent on the task and prior subject experience; 
adaptive guidance may work but hard constrained guidance may not. In this context, this chapter 
examines whether a lack of proprioceptive error due to mechanical constraints or haptic guidance can 
be substituted with visual information. 
Learning novel skills requires integration of different sensory modalities, in particular vision and 
proprioception.  The importance of visual information for motor skill acquisition is illustrated by the 
good motor performances of neuropathy subjects (who are deprived of proprioceptive feedback) (Ghez 
et al., 1995; Gordon et al., 1995) and by the weights attributed to visual and haptic information 
during human perception studies (Ernst and Banks, 2002; Rock and Victor, 1964).  
In general, during spatial interactions tasks, humans tend to favour visual information over 
proprioception (Hatwell et al., 2003). It has been shown that the way visual feedback is presented 
influences the learning of the system dynamics (Heuer and Hegele, 2008; Todorov et al., 1997; Liu et 
al., 2006). The results of Scheidt et al. (2005) for example, showed that when visual information about 
the lateral deviation is removed when performing point-to-point reaching movements in a viscous curl 
force field (VF), compensation for the force field cannot be achieved. 
Conversely, a recent study (Franklin et al., 2008) demonstrated that force field adaptation 
depends on movement error in muscle space, suggesting a predominant influence of proprioceptive 
error on motor learning. Correspondingly, Scheidt et al. (2000) found that removing position errors 
after adaption to a force field significantly reduced the speed of de-adaptation (when the force field 
was removed after learning). In fact, several studies (e.g. Franklin et al., 2007; Cordo et al., 1994) 
have shown that learning of novel dynamics is not affected when visual feedback of the hand is 
prevented during motion. 
This chapter investigates whether it is possible to learn to compensate for novel dynamics without 
the proprioceptive error driving adaptation. To address this question, we studied goal directed arm 
movements in a novel dynamic environment when proprioceptive position error was removed by 
means of a haptic channel. Error information was provided through visual feedback based on the 
estimated hand position as if the channel was not present, thus creating a visuo-proprioceptive 
discrepancy.  
The results of Mah and Mussa-Ivaldi (2003) suggest that subjects may be able to form an internal 
model of a motor task without using proprioception, by presenting motion associated with the applied 
force. However, only a 1DOF task was examined in that work, and the transfer of the learned force 
pattern to the real movement, which requires the integration of force, vision and proprioception, was 
not investigated. 
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In the experiments presented here, subjects were required to perform reaching movements in a 
haptic channel produced by a robotic interface. An estimation of how the arm would move in a 
viscous curl force field (VF), without the constraint, was presented as visual feedback. This was 
calculated from the force that the subject exerted on the channel, using a model of the subject’s arm 
and interface dynamics. It was hypothesised that subjects would learn to compensate for the external 
force trial by trial using the visual feedback even though there was a visuo-proprioceptive discrepancy. 
The learning trend and after-effects after training in the constrained environment through exposure to 
the force field in the unconstrained condition were examined; then, these trends were compared with 
learning in the unconstrained environment (i.e. without the channel).  
5.2 Force-field adaptation in the absence of proprioceptive error 
5.2.1 Experimental Setup 
Thirty right-handed subjects (26 ± 4 years, 12 females) without reported neurological impairments 
participated in the study. The experiment was approved by the ethics committee of the Italian 
Institute of Technology (IIT, Genoa, Italy). Subjects did not have prior experience with the task and 
the robotic device used to perform the exercises; all subjects gave informed consent prior to 
participating in the experiment. Twenty subjects learned a viscous curl force field (VF) along a single 
movement away from the body (experiment 1) and ten subjects learned a VF in movements along five 
directions (experiment 2). 
Experiments were performed at the Motor Learning and Rehabilitation Lab of IIT using the two 
DOF planar manipulandum, Braccio di Ferro (BdF) (Casadio et al., 2006). Each subject was seated 
comfortably on a chair in front of the robot; a seatbelt prevented trunk compensation. The BdF’s end 
effector was positioned at the centre of the workspace (start position) and the subject was asked to 
grasp it such that the right shoulder acromion was aligned with it. The subject’s seat position was 
then adjusted such that the joint angles were at approximately 110° of elbow flexion and 80° of 
shoulder abduction. This configuration kept the distance between the handle and right-shoulder 
acromion within the range of 33-40 cm, depending on the subject’s arm length. 
Instantaneous hand position was visually represented by a 1 cm diameter cursor displayed on a 
screen located in front of the subject. Arm movements were scaled 1:1 with respect to the screen (i.e. 
1 cm movement on the robot workspace moved the cursor 1 cm on the screen). Subjects were asked to 
perform horizontal point-to-point movements from a 2 cm diameter start circle to a 2 cm diameter 
target circle in 0.6 ± 0.1 s. A movement was successful if it reached the target without overshooting 
and was performed in the specified time range. Trials were self-paced and movement duration was 
determined from the time subjects exited the start circle until the time they entered the target.  
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Participants were instructed to perform a certain number of trials in order to complete the 
experiment (see Table 5.1). Feedback about the movement duration was provided after each trial, 
indicating whether it was “too slow” (target turned blue), “too fast” (target turned red) or within the 
required time range (in which case target the tuned green and “OK” was displayed).  
The experiments involved the following environments: 
- Null force field (NF) – No force was applied by the robot; visual feedback of the instantaneous 
hand position 

P  [m] was computed from encoder reading and Jacobian of the robotic interface. 
- Viscous curl force field (VF) – A velocity dependent force field was applied by the robot 
according to:  
 
 
=   
 0 25F
-25 0
P  (5.1) 
where F

 is the force vector [N] applied on the hand and 
P  is the instantaneous hand velocity vector 
[m/s]; visual feedback of the hand position is provided as in the NF. 
- Virtual null force field (vNF) – Subjects’ movements were constrained by the haptic channel 
(stiffness 4000 N/m and damping 100 N·s/m to avoid oscillations), which allowed moving towards the 
target in a straight line but prevented lateral deviations. The force exerted on the walls of the channel 
was used to estimate the lateral deviation during movement by solving the differential equation 
modelling the robot and subject arm dynamics (see Visual feedback). Visual feedback combined the 
hand position in the channel with the estimation of lateral deviation. Note that the virtual 
environment created a visuo-proprioceptive discrepancy.  
- Virtual viscous force field (vVF) – similar to vNF, however a virtual viscous force field (vVF) 
was added to the model’s input, which was computed using the estimated hand velocity. Hence the 
real time hand position performed by the subject was displayed on the screen as a curved path due to 
the effect of the deviating vVF. In order to correct for this deviation, the subject had to exert an 
appropriate lateral force pattern against the channel wall in the opposite direction to the vVF. 
5.2.2 Visual feedback 
The instantaneous hand position in the virtual environments (i.e., vNF and vVF) was estimated using 
a subject specific arm dynamic model as shown in Figure 5.1b. Rigid body arm dynamics were 
modelled as in (Burdet et al., 2006; Tee et al., 2004) and adapted to the paradigm. The virtual arm 
movement was computed from the (lateral) force applied against the channel, the estimated arm 
dynamics, the virtual external force and the hand position along the channel. The position of the 
cursor displayed on the screen at every iteration step (k) was: 
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      
’
( ) ( ) ( )     
   
P P P R Q R Q Q
T T
T T
x y yxk k k k k k  (5.2) 
where R T  represents the rotation matrix of counter-clockwise angle, corresponding to the target 
direction; Qy  is the real hand position along the channel (i.e.    (- )R P Q0
TT
y .) (see Figure 5.1); 
Qx  is the estimated lateral deviation with respect to the straight line passing from start to end 
targets estimated from the model.  
It was assumed that the central nervous system controls the arm to compensate for its dynamics 
and muscle visco-elasticity and reflexes produce a restoring force that can be modelled as feedback. 
The dynamics of the arm interacting with the environment were thus modelled as: 
 
Figure 5.1 – a) Coordinate systems; P is always aligned with the 0° target, while Q is aligned with respect to 
the current trial direction. Zero degree refers to targets and movements performed along the sagital plane; 
increasing angles are counterclockwise from this direction. Computation of visual feedback in the real b) and 
virtual c) environments.  
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where  H q is the arm inertia matrix defined as: 
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q1 and q2 denote the shoulder and elbow joint angles [rad] and are obtained from the inverse 
kinematic transformation of the arm, using P from eq.(5.2). l1 and l2 denote the segment lengths of the 
upper arm  and forearm [m], lm1 and lm2 denote the upper arm  and forearm centre of mass from 
proximal joint in [m], m1 and m2 the upper arm and forearm masses [kg], and J1 and J2 the upper arm  
and forearm mass moment of inertia [kg∙m2]. Subject-specific parameters were estimated using the 
anthropometrical tables from Winter (2004): 
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 ,C q q q  is the term corresponding to Coriolis and centrifugal forces and is defined as: 
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The Jacobian matrix transforming endpoint force into joint torque is given by: 
  
 
( ) ( ) ( )
( ) ( )
     
  
   
1 1 2 1 2 2 1 2
1 1 2 1 2 2 1 2
sin sin sin
cos cos cos
l q l q q l q q
J q
l q l q q l q q
 (5.7) 
The feedback 
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produces a restoring force toward the planned trajectory qd, which is obtained by inverse kinematics 
transformation of the arm using P , the position of the arm along the straight line joining start and 
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target. In order to prevent visual feedback of the hand position from converging to the straight line 
when the subject moved slowly, feedback was added only when the velocity in the parallel direction to 
the target was above a threshold of 0.1 m/s. K is the mean torque-dependent joint stiffness from the 
subjects measured by Gomi and Osu (1998). 
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which is computed as a function of the feedforward torque FF  
 ( . / )  0 42 1TD q q K  (5.10) 
corresponds to the viscosity in joint space, which is nonlinearly related to joint stiffness and depends 
on velocity (Tee et al., 2004). FVF corresponds to the force of the viscous field, FLF to the lateral force 
applied by the subject against the channel, and FBDF to the modeled friction,  Coriolis and centrifugal 
forces as described by Casadio et al. (2006) 
5.2.3 Experimental Protocols 
Experiment 1: unidirectional force field learning 
This experiment tested learning the VF along a 20 cm-long forward movement away from the body, 
without lateral position error. Twenty subjects participated in this experiment and were randomly 
assigned to the unidirectional Virtual Group (uVG) or to the unidirectional Control Group (uCG) 
(see Table 5.1).  
Subjects from uVG performed 25 successful movements in vNF in order to familiarise with the 
virtual environment (familiarisation phase - F); then they performed 150 trials in vVF (learning phase 
- L). The trained motor movement was tested through 5 pseudo-randomly distributed catch trials of 
VF (learning effect trials) within 20 vVF trials (testing phase - TI), followed by 5 pseudo-randomly 
distributed catch trials of NF (after effects trials) within 20 vVF trials (testing phase - TII). Finally, 
after a session of 25 successful movements in NF (washout phase - W), 5 pseudo-randomly distributed 
catch trials of VF (VF post-washout trials) were aimed at testing the effect of VF without adaptation 
within 20 vVF trials (NF post-washout trials). We note that the effects of NF and VF without 
adaptation were tested after the learning phase in order to prevent subjects from experiencing the 
dynamics of the unconstrained environment before the virtual training, as this might interfere with it.  
Subjects from the uCG used a similar protocol but with unconstrained movements and feedback of 
the real hand trajectory. I.e., the haptic channel was not active, giving rise to VF and NF instead of 
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vNF and vVF, respectively. To compare against learning effect trials from uVG, we considered the 
last 5 trials performed during the learning phase.  
Experiment 2: multi-directional force field learning  
It might not be too difficult to learn the VF without proprioceptive error in one direction, as the 
movement will be just either too far left or right of the target. However, when movements are 
performed in several directions, the movement deviations are rotated at different target directions. 
Thus, it was not clear whether the subjects would be able to learn the VF without proprioceptive 
error in multiple directions simultaneously. Therefore, we examined how subjects (who had not 
participated in the first experiment) would learn to perform movements in multiple directions in the 
constrained environment.  Subjects performed 15 cm long point-to-point movements in five directions 
(0°, 72°, 144°, 216°, 288°) (Figure 5.1). Targets appeared in a pseudo-random sequence such that 
consecutive movements were always towards different targets and subjects moved towards all five 
targets in every block of five movements. Ten subjects participated in this experiment and were 
randomly assigned to the multidirectional Virtual Group (mVG) or to the multidirectional Control 
Group (mCG). The experiment phases are similar to the first experiment, as described in Table 5.1. 
5.2.4 Data Analysis 
Hand kinematics data was recorded at 100 Hz and smoothed offline by using a second order, zero-lag, 
low-pass Butterworth filter with 50 Hz cut-off frequency. The subsequent analysis focuses on two 
aspects of movement performance: directional error and feed-forward control effort. As previously 
shown (e.g. Shadmehr and Mussa-Ivaldi, 1994), if subjects learned to compensate the perturbation by 
developing an internal model that modifies the original motor commands, the large errors in initial 
Table 5.1 – Summary of experiment protocol 1 (Section 5.2) 
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trials would gradually decrease over repeated trials, while errors in the catch trials would increase as 
learning progresses.  
The catch trials to test the learning in the virtual environment were obtained by switching off the 
haptic channel and vVF to unconstrained movements in VF. If the model learned in vVF was 
representative of the real VF dynamics, we expected the trajectories in vVF to be similar to those in 
the real VF, and comparable to the trajectories from unconstrained VF learning performed by the 
control group.  
Measures of directional error during force field paradigms have been used extensively to quantify 
adaptation and feedforward control (e.g. Donchin et al., 2003; Smith and Shadmehr, 2005; 
Thoroughman and Shadmehr, 2000; Casadio et al., 2007; Schabowsky et al., 2007). Three different 
measures were analysed: 
i) Aiming error at 150 ms - computed as the angular difference between the direction of the 
target and that of the point of the actual trajectory at 150 ms after the initiation of 
movements; this measure is highly sensitive to the force field, and only lightly affected by the 
initial and final portions of the trajectory. We assumed movements under 150 ms to be under 
open-loop control. Therefore, we considered this measure as an indicator of the feedforward 
component of control. 
ii) Aiming error at 300 ms - computed similarly to the 150 ms aiming error.  We took the 300 ms 
aiming error as an indicator of path curvature and lateral deviation. 
iii)  Pearson’s correlation coefficient – to quantify the relationship of the hand kinematics between 
groups. We calculated the mean trajectory performed by each subject for each set of testing 
trials. A Pearson’s correlation coefficient (r value) between mean trajectories was computed for 
all possible subject combinations among groups. As the distribution of r values was skewed, 
the median and quartile deviation was reported.  
For statistical analysis, data was first checked for normality using a Shapiro-Wilk test.  Then, 
unpaired Student-t tests were performed (p value was reported) using a 5% significance level. In the 
figures, one asterisk represents statistical significance at p ≤ 0.05, two asterisks at p ≤ 0.01 and three 
asterisks at p ≤ 0.001.  
Whisker box plots were chosen to examine the spread of the data. Each box shows the distance 
between two quartiles surrounding the median, and boundary lines indicate the range of the data set 
without outliers. Outliers were defined as those points beyond 1.5 times the interquartile range from 
the edge of the box. Outliers were removed from the data sets prior statistical tests.  A ‘diamond’ 
indicates the sample mean, with endpoints spanning at 95% confidence interval for the sample mean.   
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5.2.5 Results 
Unidirectional learning 
Figure 5.2 and Figure 5.3 compare unidirectional learning of VF in the channel and in the 
unconstrained environment. As expected, subjects performing in the unconstrained environment 
during initial trials had reaching trajectories deviated by the force field, but learned to compensate for 
it after a few trials. After effect trials exhibited deviation in the opposite direction to the force, 
showing memorisation of the compensation for this field (Shadmehr and Mussa-Ivaldi, 1994).  
Interestingly, similar trends could be observed in the results of subjects who trained in the channel. 
Using only visual feedback of the estimated hand position from the force applied on the channel, these 
subjects learned to compensate for the virtual force field, so that when they were tested in the 
unconstrained environment (i.e. no channel + VF), they produced movements similar to those of 
subjects who had learned the real force field ( . .LEr 0 87 0 12= ± ). The learned dynamics under the 
constrained environment also exhibited after effects similar to unconstrained learning 
( . .AEr 0 91 0 05= ± ).  Performance measures of both learning- and after-effects were not different 
between uVG and uCG ( .LEp 0 10> , .AEp 0 09> ; Figure 5.3).  
Performance measures of NF trials in the post-washout phase were not different ( ( ) .NF PWp 0 88> ) 
and showed high correlation coefficients between groups ( ( ) . .NF PWr 0 94 0 06= ± ). VF trials during post-
washout phase were highly correlated ( ( ) . .VF PWr 0 94 0 02= ± ) and the 300 ms aiming error was not 
statistically different ( ( ) .VF PWp 0 12> ). For those trials, the 150 ms aiming error was smaller for the 
Figure 5.2 – Evolution of hand kinematics during learning of representative subjects from unidirectional control
group (uCG – solid line) and unidirectional virtual group (uVG – dashed line): i) Learning phase, first 10 
trials, trials 45-55, trial 95-105, and last 10 trials; hand kinematics of uVG during this phase, estimated 
trajectories are presented; ii) Post-learning phase, learning effects (LE) and after effects (AE); iii) Post-
washout phase, Null field trials (NF) and viscous force field trials (VF). 
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uVG, and the absolute hand path error values were larger, perhaps due to an incomplete washout. 
We noted that large oscillations were present during the first trials of subjects from the uVG (see 
learning Figure 5.2). This was expected as subjects were training in the virtual environment, so 
relying mainly on visual information and there was no prior knowledge of the perturbation. Subjects 
had to adapt to the visual disturbance using visual feedback with a typical delay between 160-200 ms 
(Saunders and Knill, 2003; Franklin and Wolpert, 2008). Changes in the direction of acceleration can 
be observed approximately at these intervals in the first 10 learning trials of the uVG subject in 
Figure 5.2, corresponding perhaps to these corrective actions. 
Trial after trial, subjects learned to compensate for the visual perturbation in this virtual 
environment without proprioceptive error.  However, subjects from the uVG took longer to keep up 
with the time requirements of the task and they tended to slow down the movement in order to learn 
the dynamics by visual feedback only. After learning, both groups often produced a corrective 
movement at approximately 625 ms after movement onset. This happened in 40% of the trials for the 
uCG and in 61% for the uVG (different at .p 0 01= ). These differences probably stem from 
inconsistencies between the modelled and real dynamics. 
Subjects from the uVG were questioned at the end of the experiment on their feelings about the 
visuo-proprioceptive discrepancy in the feedback. Interestingly, all subjects reported not being aware 
of the constraining channel. In fact, they were easily tricked and could not distinguish between trials 
in a constrained environment with virtual visual feedback and unconstrained trials. 
 
Figure 5.3 – Summary of the performance measures for both uCG (solid line) and uVG (dashed line). Blue and
green whiskers represent learning (LE) and after (AE) effects respectively, while red whiskers represent NF and
VF catch trials during the post-washout phase. To make data sets of comparable length and avoiding effects of
VF catch trials, for each subject we considered only the last five NF trials that were performed at least three
trials after a VF trial. 
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Multidirectional learning 
All subjects who learned in the constrained environment (mVG) were able to learn to compensate for 
the vVF, as was indicated by a decrease in the estimated lateral deviation.  
Figure 5.4 shows the mean trajectories of the learning-, after-effects, NF and VF trials after 
washout for subjects who learned in the unconstrained vs. constrained environment. We see that 
mVG subjects became able, through learning in the virtual environment, to compensate for the real 
force (learning effects) and exhibited after effects similar to the subjects who learned in the 
unconstrained conditions.  
Performance measures (Figure 5.5) show that learning effects were not different between mVG 
and mCG ( .LEp 0 10> ). After-effects were different for the 150 ms aiming error but not for 300 ms 
aiming error ( .AEp 0 52= ), suggesting that subjects from mVG were undercompensating for the 
external disturbance. These differences were not found in the unidirectional case and can be 
attributed to incomplete learning. Nonetheless, there was a high correlation coefficient between the 
mean trajectories after learning in the constrained and unconstrained environments ( . .LEr 0 87 0 08= ± , 
. .AEr 0 96 0 03= ± ; Figure 5.4). The correlation coefficients for different directions were larger than 0.83 
for learning effects and larger than 0.93 for after effects, suggesting very similar kinematic patterns.  
NF and VF trials were highly correlated between subjects learning in the different environments 
( ( ) . .NF PWr 0 93 0 09= ± , ( ) . .VF PWr 0 96 0 01= ± ). Performance measures of NF trials indicated no 
difference between groups ( ( ) .NF PWp 0 18> ). Measures of VF trials for both 150 ms and 300 ms aiming 
error measures were smaller on subjects who learned in the constrained environment. 
 
 
Figure 5.4 – Learning in multiple directions. Mean trajectories of all subjects in unconstrained (mCG – solid 
lines) and constrained (mVG –dashed lines) environments. Median and quartile deviation of the correlation
coefficients between groups are presented.   
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Subjects learned to compensate in every direction in less trials (30 per direction) than in the 
unidirectional experiment (where it took at least 50 trials for the uVG to achieve a mean 300 ms 
aiming error of less than 5°). This suggests that learning to compensate for the force field was not 
done by rote memorization of the external forces. In contrast, an internal model of a dynamic multi-
joint task was formed as subjects may have generalised the learning from other directions.  
Lastly, as in the unidirectional experiment, subjects that learned in the constrained environment 
did not report to be aware of the constraining channel and could not detect the catch trials in the 
unconstrained environments.  
5.3 Persistence of motor adaptation after virtual movements 
This second experimental paradigm aimed at investigating how providing visual feedback of the 
estimated hand position by means of processing the force applied to haptic channel sides, affects the 
learned behaviour in a real environment. Contrary to the experiments presented above, subjects were 
required to perform reaching movements in a real environment first while being perturbed by the 
robotic interface. Then half of the subjects experienced movements in a virtual channel (vVF, as 
explained previously in Section 5.2.1) and the other half performed movements along the channel 
without receiving any discrepant visual information about their position in space.  
 
 
Figure 5.5 – Summary of the performance measures in all directions. Blue and green whiskers represent
learning (LE) and after (AE) effects respectively, while red whiskers represent NF and VF catch trials during
the post-washout phase. To make data sets of comparable length, for each subject we considered only the last
five NF trials on every direction that were performed at least three trials after a VF trial. 
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5.3.1 Experimental Protocol 
Ten right-handed subjects (26 ± 4 years, 6 females) without reported neurological impairments 
participated in the study. Participants were split into two groups: uCG-I and uCG-II (see Table 5.2). 
Both groups learned a VF as in the previous experiment, and after, they performed an experimental 
phase on which they had to move along a haptic channel (Channel) in two different conditions. uCG-I 
subjects performed 150 movements on cNF (movements are constrained by a channel, and the real 
hand position is given to the subject as visual feedback) and uCG-II subjects performed 150 
movements on vVF (as described in Section 5.2.1). Later, in order to assess how the haptic channel 
and visual feedback influenced the learned dynamics, both groups performed 10 successful movements 
on VF to re-adapt to the external force (Relearning I). In order to assess how the lack of 
proprioceptive error influences de-adaptation, uCG-I and uCG-II then performed 20 successful 
movements on NF and vNF respectively (Washout I). Finally, subjects performed 5 movement in NF 
(Washout II) followed by a Post-Washout phase as described previously.  
5.3.2 Results 
Subjects from uCG-I, who did not get visual feedback of the estimated hand trajectory, gradually 
stop pressing against the walls of the channel when performing movements in a haptic channel after 
the learning phase. This “relaxation” occurred faster than in previous experiments (Scheidt et al., 
2000).  Contrary, adjunction of visual feedback of virtual motion error prevented this alteration of the 
feedforward (Figure 5.6b). Figure 5.6 shows the hand trajectories followed by two representative 
subjects of both groups. It can be seen that after re-exposure to VF, subjects from uCG-II (with 
visual feedback) were able to compensate for the external forces, while subjects of uCG-I had to newly 
adapt to the dynamics; this occurred in most of the subjects of the uCG-I group.  
To compare how much the error increased after re-exposure to VF among subjects, absolute value 
of the aiming error and absolute error measurements of the first 3 trials during re-exposure to the VF 
were normalised with respect to the mean of the last 10 performance measurements during the 
Table 5.2 – Summary of experiment protocol 2 (Section 5.3). 
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learning phase for each subject. Then, data for all subjects was combined and a student-t test was 
performed for the two performance measurements; there was an significant difference between both 
groups (Figure 5.6c; absolute aiming error, Mann-Whitney test p = 0.038; absolute error, p = 0.047). 
While washing out (WI), subjects from uCG-II who experimented vNF had a slower de-adaptation 
rate than those from uCG-I who experienced proprioceptive error information. Figure 5.7 shows the 
mean aiming and absolute error throughout the pre-washout phase for both groups. An exponential 
model was fit into the data and time constants were compared. It was found that, based on the 
aiming error, subjects on uCG-II unlearned about 4.7 times slower than uCG-I; based on the absolute 
error, subjects on uCG-II unlearned about 3.7 times slower than uCG-I. 
 
 
 
 
Figure 5.6 – a) Comparison of performance between two representative subjects after learning VF; subjects
perform trials in a haptic channel with and without estimated visual feedback, red and blue respectively, and
re-exposure to VF. b) Mean ± standard error of the impulse calculated throughout the channel trials. c)
Comparison between groups on how much the error increased after re-exposure to VF. 
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5.4 Multi-sensory integration 
How could the CNS modify the feedforward command from one movement to the next by relying on 
visual feedback? A recent model of motor adaptation (Tee et al., 2010; Franklin et al., 2008) suggests 
that the CNS increases muscle activation based on muscle stretch or shortening in the previous 
movement. As the acquisition of the proprioceptive error was prevented by the channel, learning may 
have instead relied on voluntary visual corrections or visual reflexes (Franklin and Wolpert, 2008; 
Saunders and Knill, 2003). Correspondingly, when exposed to a novel environment, the CNS may 
combine available sensory information based on its reliability (Kording and Wolpert, 2004). In the 
absence of reliable kinesthetic error information from the muscles the CNS would mainly rely on a 
combination of error information from both vision and proprioception.  
A simple generative model of motor adaptation can explain the observed results. In a unified 
Bayesian framework for sensory-motor adaptation, Haith et al. (2008) suggest that all potential 
disturbances (i.e. visual, proprioceptive and on the command) can be seen as dynamic random 
variables that vary smoothly over time. To account for various interference features observed in 
experiments, one could consider n number of possible states for each disturbance to accommodate 
“fast” and “slow” adaptive processes (Lee and Schweighofer, 2009; Smith et al., 2006). An abstract 
representation of this generative model is shown in Figure 5.8. For simplicity, let us just assume one 
process. The output y(k), which could be considered to be equivalent to the “aiming error” in our 
experiment, can be expressed as: 
 ( ) ( ) ( ) ( )= + + u uy k u k x k k  (5.11) 
 
Figure 5.7 – Comparison between typical de-adaptation (NF; uCG-I) and de-adaptation in a virtual 
environment (vNF; uCG-II) 
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where ( )ux k corresponds to the external disturbance, ( )u k  control command (desired position) and 
( )u k  to zero mean, normally distributed external noise. One could make a very general assumption 
that the CNS would combine both visual and proprioceptive estimates of disturbance according to the 
reliability on each sensor to produce a control command ( )u k  based on a visual target *( )v k : 
 * ˆ ˆ ˆ( ) ( ) ( ) ( ) ( )
2 2
2 2 2 2
p v
u v p
v p v p
u k v k x k x k x k   
 
 (5.12) 
Note, however, that it is very unlikely that the CNS may utilise such a weightage on each sensor 
for computing the control command. Conversely, the CNS may combine the estimates of the states 
and previous experience in a task-optimal manner (Braun et al., 2009), and could explain a great more 
variety of behaviours. 
Assuming that each state varies independently, we can then express: 
 
( ) ( ) ( )
( )
( , )
1
0
T
v p u
x k Ax k w k
x x x x
w N W
  
  (5.13) 
with A and W being diagonal and w representing normally distributed noise with covariance matrix 
W.  
The observations from vision and proprioception z can be expressed as: 
 
Figure 5.8 – Generative model of sensory-motor adaptation. The hand position y on trial t depends on the 
motor command u and several possible sources of motor disturbance xu, some of which change rapidly, while 
other change slowly over time. The observations from vision v and proprioception p, are also subject to several 
possible sources of disturbance xv and  xp respectively.  
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Where R represents the observation noise covariance as: 
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In case of a linear system with Gaussian noise, the optimal Bayesian estimation of the states based 
on partial observations from vision and proprioception is equivalent to using a standard Kalman filter. 
The result of simulating our experimental conditions for de-adaptation using this kind of model is 
shown in Figure 5.9. 
5.4.1  Applications in neurorehabilitation 
How can these results translate into clinical practice? A series of experiments with post-stroke 
patients to test the virtual learning technique developed in this Chapter has been started in 
collaboration with the Fondazione Salvatore Maugeri (Veruno, Italy). The experimental setup consists 
in having three groups of post-stroke, acute patients. In addition to conventional therapy, Group I 
will perform reaching sessions in free space using the robotic manipulandum; Group II will perform 
reaching sessions constrained in a haptic channel; Group III (experimental group) will perform 
reaching sessions constrained in a haptic channel, but their cursor will correspond to free space 
movements (as described previously).  
 
Figure 5.9 – Simulation of a de-adaptation process (NF) and de-adaptation process in a virtual environment 
(vNF). 
5.4   Multi-sensory integration 
– 127 – 
A preliminary test was performed to test the capability of a patient to understand the visuo-
proprioceptive discrepancy of the task. One post-stroke patient aged >60 years old, with mild-
hemiparesis affecting his right hand side of the body agreed in participating in this pilot test. The 
experiment was done in accordance with ethical approval at the Fondazione Salvatore Maugeri.  
The patient (Figure 5.10) performed 15 cm-long reaching movements in eight different directions 
in a pseudo-random order. He first completed 16 movements (two movements per direction) in NF to 
familiarise with the robot dynamics (familiarisation). He then performed another series of movements 
in NF and those were considered as baseline (baseline). He then completed 37 minutes of reaching 
movement in vVF (learning). The learning phase started by 5’ of movements followed by 3’of rest (8’ 
block), then followed by three more 8min-block and ending with another 5’ of movements (37’ in 
total).  
Movements were trained in the forward direction only. After each movement, the patient was 
asked to relax so the robot could bring his arm back to the origin. Movements had to be completed 
between 0.5 s and 1 s. If after 3 s the patient was not able to complete the movement, the robot 
brought his arm back to the origin. If the movement was between 0 s and 0.5 s, the target turned red; 
if it is between 0.5 s and 1 s, the target turned green; if it was between 1 s and 3 s, the target turned 
blue. When bringing back the arm to the origin the target disappeared, and the message “rilassarsi” 
(relax) appeared on the screen. Once inside the origin, the message “preparasi” (get prepared) 
appeared. After some time the message “via” (Go) appeared together with the target, encouraging the 
patient to reach towards it. At the end of the last 5’ of the learning phase, the patient performed 1 
more movement on each direction in NF, to assess his performance on the real dynamics. 
Figure 5.11 shows the response of the patient to the first session of therapy. After the session, the 
patient reduced the absolute error in six out of eight directions. Though this preliminary test provided 
us with only little data, not enough to make conclusive statements, the performance of the patient 
gave us motives to purse this study. 
 
 
Figure 5.10 – A post-stroke patient performing movements in a virtual channel. Movements are constrained
along the straight line, but what the patient sees is the cursor being deviated as if he was moving in free space.
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5.5 Discussion 
Lecuyer et al. (2000) defined the term pseudo-haptic feedback as a way to “combine visual feedback in 
a synchronised way with the user’s motion or sensory-motor action during simulation”. By providing 
this coherent feedback, experimenters have been able to create the perception of distance, size, 
displacement, mass, stiffness, and even texture by modifying only the visual information given to the 
user (Lecuyer et al., 2010; Lecuyer, 2009; Dominjon et al., 2005). These studies have demonstrated 
that one could “trick” the brain to perceive physical properties without actually being there; and as 
suggested by Biocca et al. (2001), limited haptic information can be compensated with appropriate 
synesthetic stimulation to other sensory modalities. In this chapter we were interested to analyse into 
what extend one could use such “illusions” to train real dynamic environments. 
Previous studies investigated the formation of a 1DOF force mapping involving no motion (Mah 
and Mussa-Ivaldi, 2003) in a virtual environment. However, learned dynamics were tested in the 
virtual environment rather than in the real one. The main difference of our task to previous studies 
involving learning by vision, e.g. (Liu et al., 2006; Todorov et al., 1997), is that that ours involves 
a)  
 
 
b)  
 
Figure 5.11 – a) Cursor trajectories of hand trajectories during Baseline (NF), Learning (vNF; note that the 
trajectories represent the virtual displacement) and testing (NF). b) Comparison of absolute error per direction
during both baseline (blue) and testing (red) phases.  
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external forces that are actually generated at the end of the virtual training. Our results showed 
transfer from learning in a virtual environment to successful performance in an unconstrained 
environment with real dynamic interactions.  
The results of our experiments demonstrated that it is possible to learn to compensate for stable 
dynamics without proprioceptive error to drive the adaptation. The pattern of velocity profiles after 
learning, the reduced errors, and the correlation between group trajectories suggest that, using an 
appropriate model of the arm dynamics, it is possible to learn from visual feedback when there is 
reduced proprioceptive information. The final motor commands that compensate for the force field 
(learned in a constrained environment) are comparable to those learned in the unconstrained 
condition.  
In the unidirectional experiment there was no difference in the learning effects between subjects 
training in a constrained environment and those training in unconstrained conditions. For the 
multidirectional experiment, the performance and correlation analysis after learning indicated that 
learning effects were similar between groups. Yet, there were some differences on the after effects, 
possibly due to incomplete learning on this more complex task. Discrepancies found in VF trials 
during the post-washout phase could have arisen as a result of a poor washout phase or, perhaps, 
indicate that learning in different environments may change the way the central nervous system 
(CNS) tunes the reflex gains (for vision and proprioception). This question is out of the scope of these 
experiments, but provides an interesting avenue for further research. 
It is known that visual feedback can partially substitute for impaired proprioceptive feedback, 
such as in large fiber neuropathy subjects (Gordon et al., 1995; Ghez et al., 1995; Sarlegna et al., 
2010). Sarlegna et.al (Sarlegna et al., 2010) showed that a deafferented patient was able to learn to 
compensate for a force field without proprioception in a similar way as healthy control subjects; this 
results indicate that an internal representation of external dynamics can be formed on the sole basis of 
visual feedback. These patients may learn to successfully control movements in a similar way as was 
observed in our experiment. Though in our experiments, subjects were not deprived of proprioception. 
They had perception of their limb position in space and the setup merely prevented the perception of 
the proprioceptive error signal that originates from deviating from the straight line.  Subjects still 
received feedback related to the pressure when applying force against the channel as well as tension in 
the corresponding muscles. The mechanisms of learning may be more related to the ones observed in 
recent studies (Yejun et al., 2005; Brewer et al., 2008), on which amplification of the visual error from 
the task, rather than by physically altering movements, produce faster adaptation to a novel 
environment. 
Manipulation of virtual environments in constrained conditions may play an important role in 
rehearsing previously learned dynamics. Our second experiment (Section 5.3) highlights the role of 
visual feedback on retaining the learned dynamics. Subjects who learned VF in a real environment 
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and then successively performed the task using the haptic channel associated to visual feedback of 
hand trajectory did not exhibit de-adaptation after re-exposure to the real environment. Contrarily, 
those subjects performing the task with no feedback of hand position exhibited a fast decay rate of the 
value of the force along the lateral walls of the haptic channel. 
Finally, the above results suggest that simple devices may be used for sport training and 
rehabilitation, where a complex dynamics could be learned by using visual feedback despite the 
limitations of the moving parts of the mechanical structure. Simplifying the devices will make them 
safer, cheaper and more reliable. A recent study (Beer et al., 2000) suggests that spatial abnormalities 
during movements of chronic post-stroke patients with hemiparesis are due to an impaired 
feedforward control rather than weakness, spasticity, or stereotypic muscle activation patterns. If so, 
appropriately designed visual feedback may allow development of effective neurorehabilitation 
strategies using simple robotic devices. In the same way gravity-compensated devices are adapted to 
let subjects produce more or less shoulder force, visual feedback could be used to train subjects with a 
planar manipulandum, to correct lateral forces in a 1DOF robot (such as ARM Guide (Reinkensmeyer 
et al., 2000a) or reachMAN (Yeong et al., 2009b)) and to avoid compensatory movements. 
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6 Influence of context-relevant visual cues on the 
modulation of muscle co-activation  
”No operation can be more important as a basis of coordination for a motor act 
than adjustment of the quantity of contraction.” 
Sir Charles Scott Sherrington (1857-1952) 
Overview – In Chapter 5, it was demonstrated that it is possible to learn appropriate 
feedforward force commands to compensate for novel dynamic environments. However, in 
everyday life, humans interact with the environment by a combination of force and 
impedance control. In particular, skilful performance in unstable interactions such as in 
tasks involving tools requires controlling impedance. One motivation of this thesis is to 
investigate mechanisms in which (missing) information from one sensory modality can be 
replaced by another modality. In this context, this chapter examines how visual cues can 
be used to engage impedance modulation. Experimental results demonstrate that by 
providing context-relevant visual cues, subjects can learn to co-activate antagonist muscles 
to counteract the effects of external mechanical perturbations. In addition, results indicate 
that the CNS may react to destabilising visual perturbation by modifying the sensitivity in 
the proprioceptors rather than by sending feedforward commands to opposing muscles. 
Parts of this chapter appear in (Melendez-Calderon et al., 2011e; Ganesh et al., 2011a)  
6.1 Introduction 
In everyday life, humans interact with the environment by controlling force and impedance at the 
contact point (Shadmehr and Mussa-Ivaldi, 1994; Burdet et al., 2006). Force and impedance 
modulation is employed effectively by humans to produce a variety of flexible behaviours, e.g. from 
throwing a ball to micro-manipulation. In a nutshell, force provides power to perform a task while 
mechanical impedance helps stabilizing the system against disturbances and reduce kinematic 
variability (Burdet et al., 2001; Selen et al., 2005). Torque around a joint is generated by reciprocal 
activation of the muscles spanning this joint, while impedance can be regulated (though not 
exclusively) by co-activating antagonist muscle pairs.  
The study of impedance modulation in humans is a subject of increasing interest and the 
mechanisms underlying its principles are still in debate. In general, force and impedance modulation 
emerges as an energetically optimal control strategy to compensate for unstable dynamics (Burdet et 
al., 2001; Tee et al., 2010; Osu et al., 2003), but also emerges naturally due to the physiology of 
muscle force development. Our recent experiments (Ganesh et al., 2011a) have shown that in postural 
control tasks, reciprocal activation is gradually replaced by co-contraction with increasing magnitudes 
and frequencies of external disturbances. Recently, long delay reflexes have also been shown to 
contribute to compensation for novel dynamics requiring adaptation of force (Kurtzer et al., 2008) and 
impedance (Liaw et al., 2008). In addition, recent studies have also shown that end-point stiffness 
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increases with greater accuracy demands (Selen et al., 2006; Wong et al., 2009b), indicating that 
vision also plays a role in the modulation of impedance.  
In this latter context, Wong et al. (2009a) tested the influence of visual perturbations in the 
modulation of impedance. In their experiments, subjects were provided with magnified hand-path 
deviations during adaptation of reaching movement in an unstable environment. Paradoxically, while 
the authors made strong arguments in favour of vision in the role of impedance modulation (Wong et 
al., 2009b), visual feedback provided in their unstable paradigm (Wong et al., 2009a) was not 
sufficient to encourage stiffness modulation. 
It is known that reflex gains vary depending on the task (Hoffman and Koceja, 1995; Franklin and 
Wolpert, 2008; Taube et al., 2008). In addition, humans have the ability to incorporate visual 
feedback into continuous online control even for fast reaching movements (Saunders and Knill, 2003). 
Also, visual perturbations can trigger reflex responses below voluntary reaction-times (Franklin and 
Wolpert, 2008). Therefore, the observation that visual error is not sufficient to provoke impedance 
modulation to deal with destabilising forces (Wong et al., 2009a) may be only valid for that particular 
experimental paradigm. Even though subjects could have co-contracted to compensate for the visual 
perturbations, we hypothesised that they did not receive context-relevant feedback about their 
actions, thus co-contraction was not encouraged. 
This chapter is focused on exploring techniques for compensating the lack of information from one 
sensory modality (e.g. proprioception) by another one (e.g. vision). In Chapter 4, it was shown that 
stroke patients present variability in the lateral force when movement was constrained by a haptic 
channel. While it was shown in Chapter 5 that bias on the force can be compensated for using visual 
cues, motion oscillations could only be compensated if endpoint impedance is modulated accordingly. 
To explore the possibility of using visual cues to encourage stiffness control, this chapter uses an 
experimental paradigm in which subjects have to learn to co-activate antagonistic wrist muscles in 
order to counteract for destabilising external perturbations. Subjects had to learn to compensate for 
these perturbations by using solely visual feedback. This was carried out using similar visual effect co-
activation would have when counteracting real destabilising forces. This was achieved by using EMG 
to estimate co-activation in real-time and modulating the amount of visual information, mimicking 
real mechanical perturbations. It was hypothesised that, if appropriate context-relevant feedback was 
provided, stiffness could be modulated using solely visual feedback. 
6.2 Methods 
6.2.1 Experimental setup 
Eight right-handed subjects (6 males) between 25 and 35 years old participated in the study. Subjects 
were randomly assigned to two experimental groups: virtual group (vG) and control group (cG) with 
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4 subjects on each. Experiments were performed using the wrist manipulandum Hi5 (Melendez-
Calderon et al., 2011a) presented in Chapter 2. Subjects reported no history of neurological or 
musculoskeletal disorders and normal or corrected-to-normal vision. Subjects were naïve to the 
experimental conditions and had no previous experience with Hi5, all subjects gave informed consent 
prior to participating in the experiment.  The experiment was approved by the ethics committee of 
the Imperial College of Science, Technology and Medicine (London, UK). 
Each subject stood in front of the apparatus on a platform of adjustable height, and secured to the 
manipulandum such that his or her elbow was bent at approximately 90° and forearm parallel to the 
floor. The subject’s wrist was positioned in an adjustable hand cuff to prevent finger movements, with 
the forearm secured with straps to prevent arm motions and asked to perform wrist flexion/extension 
movements (see Section 6.2.2). 
Instantaneous wrist angular position was visually represented by a blue line (cursor) displayed on 
a screen located in front of the subject. Wrist flexion/extension movements were scaled 1:1 with 
respect to the screen (i.e. 1° movement on the wrist manipulandum moved the cursor 1° on the 
screen). Surface electromyography (EMG) from both Flexor Carpi Radialis (FCR) and Extensor Carpi 
Radialis Longus (ECRL) was acquired and processed in real-time at 1 kHz. 
6.2.2 Experimental protocol 
All experiments began with a 4-stage EMG calibration procedure (similar to the one described in 
Section 3.2.2) in order to determine the maximum level of voluntary co-activation (MVCA) for each 
subject. Once the MVCA level was determined, subjects underwent a model estimation procedure, 
which allowed us to determine a model of the amount of wrist displacement that would occur if a 
given torque perturbation was applied into the subject’s wrist at a certain level of muscle co-
activation, as described in Section 6.2.3. Subjects were not provided visual feedback about their wrist 
position but, instead, they were given feedback about their co-activation level (an 
increasing/decreasing bar). They were asked to maintain different levels of MVCA, namely 0% 
Table 6.1 – Summary of the experimental protocol 
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(completely relaxed), 20%, 50% and 80%, while an external 3 Hz sinusoidal torque perturbation was 
applied on the subject’s wrist. The perturbation’s amplitude increased in increments until the 
amplitude of wrist flexion/extension movements passed a threshold determined by the experimenter 
(for safety reasons, this threshold was determined individually according to each subject’s range of 
motion). Between each stage, subjects were given appropriate rest (>2 minutes) to avoid the effects of 
fatigue in the EMG recordings (Merletti and Parker, 2004). 
Once the subject-specific model was obtained, each subject from either cG or vG performed two 
tasks: i) a static task, consisting of maintaining the cursor inside a target located at 0°; and ii) a 
tracking task, in which subjects tracked a target moving periodically from -20° to 20° and back to -20° 
at 0.2 Hz with minimal-jerk trajectory. By each of these tasks, subjects experienced a torque (or 
“virtual torque”) perturbation at three different levels. For all subjects, the torque levels corresponding 
to 20%, 35% and 50% of MVCA when the wrist displacement deviation was 5° (1° bigger than twice 
the target size) were computed. This normalisation of the task allowed us to compare across subjects, 
who inherently have different dynamic capabilities. 
The cG and vG groups had different feedback modalities. Subjects from cG experienced both 
visual and proprioceptive feedback of the perturbation; i.e. the 3 Hz torque perturbation applied to 
the subjects’ wrist caused visible oscillations; these oscillations could be damped by increasing the 
mechanical impedance by co-activation. Subjects from vG experienced visual feedback only, i.e. 
provided visual feedback was such that the amount of visual noise varied according to the subjects’ 
level of co-activation as if an external 3 Hz torque perturbation (“virtual torque”) was being damped 
 
Figure 6.1 – Experimental setup. Subjects from cG receive both mechanical and visual perturbations, while
subjects from vG receive visual perturbation only.  
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by co-activation. How the visual feedback was estimated for each subject is detailed in Section 6.2.3. 
A schematic diagram of the experimental setup is provided in Figure 6.1. 
Each trial lasted a minimum of 50 s and a maximum of 60 s. The first 10 s of a trial corresponded 
to a familiarisation phase without perturbation. In the static task, the subject was asked to keep 
attentive to the target, whereas in the tracking task, the subject moved with the target without 
perturbation. The next 10-20 s of a trial corresponded to a learning phase in which the subject was 
still required to stay inside the target when a mechanical or visual perturbation was given to her or 
him. This phase continued until the subject could stay inside the target for at least 80% of the time 
during 2.5 s. The next 15 s of each trial corresponded to a testing phase in which subjects continued 
to attenuate the effects of the external perturbations, with 1/3 s catch-periods with reversed 
perturbation modality; i.e. subjects from vG experienced a mechanical perturbation, whereas subjects 
from cG had only a visual perturbation during these catch-periods. The last 15 s of a trial 
corresponded to a washout phase in which no perturbation was given to the subject. Subjects had a 
60 s rest period between trials. A summary of the experimental protocol is presented in Table 6.1. 
6.2.3 Visual Feedback 
Muscles are characterized by non-linear dynamics. The force that a muscle can develop depends on 
many different factors such as the number of motor units being stimulated, length of the muscle at 
the time of stimulation and speed at which the muscle is contracting. Therefore, identifying the 
contribution of muscles to joint torque generation can be cumbersome. As the task presented in this 
experimental paradigm is quite simple, we decided to make a very crude approximation of the muscle 
dynamics. It was assumed that the wrist can be modelled as a one hinge-joint mechanism which 
rotates around its axes with moment of inertia J, a rotary spring with stiffness k and a damper with 
damping coefficient d, which is perturbed by a sinusoidal torque perturbation of amplitude u. This 
yields a simple second order mass-spring-damper system represented by: 
 ( ) sin( ) - ( ) - ( )J t u t k t d t  (6.1) 
 
The steady state solution for such a system is the one of a harmonic oscillator: 
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where corresponds to the phase shift, 0  represents the undamped frequency and  corresponds to 
the damping ratio of the oscillator 
 ;0
02
k d
J J
   (6.3) 
Previous studies have shown that stiffness is roughly proportional to the muscle co-activation level 
(Franklin et al., 2003a) and that damping increases with the stiffness (Tee et al., 2004). Taking this 
as granted, one can then assume that if a subject is capable of maintaining a constant co-activation 
level (i.e. constant k and constant d), for a given external perturbation with constant frequency , the 
amplitude of the wrist displacement (in steady state) can be reduced to: 
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 (6.4) 
During the model estimation procedure (briefly described in Section 6.2.2) subjects were required 
to try keeping a constant co-activation level. 3 Hz sinusoidal torque perturbations of different 
amplitudes u were applied on the wrist. During this procedure, each amplitude level was kept 
constant for a certain time to allow the system to reach a “steady state”. In particular, each amplitude 
level was applied during six 2 s long periods during which both EMG activity and wrist angular 
position was monitored. The first three periods were neglected and for each of the last three periods 
the amplitude of wrist displacement A and the muscle co-activation value  were recorded. The mean 
of those three periods was taken as a value of wrist displacement A given inputs u and . The 
amplitude level u was then increased in small increments and the whole process was repeated until the 
 
Figure 6.2 – Example of two data sets fitted into a model that assumes that, given a sinusoidal torque 
perturbation and level of voluntary co-activation, the wrist will displace as a simple harmonic oscillator, i.e. 
second order spring-damper system being disturbed by a sinusoidal drive. The mean adjusted R2 over all 
subjects‟ data fit with this model (n = 8) was 0.95 ± 0.04. 
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wrist displacement surpassed a certain threshold. After subjects completed the whole procedure at 
different co-activation levels, data was fitted offline into the form of eq. (6.4) using the command 
NonLinearModelFit in Mathematica 8.0. Figure 6.2 shows the fitting obtained during the calibration 
session of two representative subjects. Overall, the mean adjusted R2 = 0.95 ± 0.04 over all the 
subjects indicated the validity of the model eq.(6.4). 
For periods of time on which subjects were provided visual feedback only (i.e. learning phase of 
subjects from vG and catch trials of subjects from cG) the visual perturbation was displayed as 
follows. EMG co-activation level was monitored in real-time and a moving average filter of 1/3 s 
window size was implemented (this corresponds to 1 period of a 3 Hz perturbation). 3 Hz sinusoidal 
visual displacements of amplitude A were added to the real wrist angular position. The amplitude A 
was updated every 166 ms given the current perturbation level of the task u and the current 
computed mean co-activation level  . Updating the amplitude at the end of each half period allowed 
us to provide perturbations without sharp discontinuities. 
6.3 Results 
6.3.1 Learning phase 
All subjects from both groups, i.e. cG provided with mechanical and visual perturbations and vG 
provided with only visual perturbation, were able to reduce the effect of the external perturbation, 
and did that by increasing muscle co-activation accordingly. Figure 6.3a,b shows the evolution of the 
absolute error at different perturbation levels for both static and tracking tasks during the learning 
phase. At the end of the learning phase, subjects were able to keep a level of accuracy close to the 
minimum required by the task, i.e. 4°. However, the angular error obviously increased with the 
perturbation magnitude. 
Figure 6.3c and Figure 6.3d show the overall absolute error for each of the perturbation level/task 
without considering the first 30% of the trial (to neglect the transients). Mann-Whitney tests were 
performed across perturbation levels/tasks. While statistical tests suggested that both groups had 
different error level ( .p 0 01< ), it is clear that the visual perturbation was sufficient to make vG 
subjects reduce their errors in a similar way as cG subjects. 
Figure 6.4 shows the evolution of co-activation of antagonistic muscles during the learning phase. 
Subjects from vG reacted slower than cG subjects in order to attenuate the effect of perturbations. 
Figure 6.4a shows that during the static task the nature of mechanical perturbation in subjects from 
cG made them co-activate antagonistic muscles soon after the perturbation started. This initial burst 
of muscle activation overshoot the minimum value necessary to complete the task. As the trial 
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progressed, subjects relaxed and stabilised at a roughly constant co-activation level (close to the one 
required to keep the cursor inside the target).  
In contrast, subjects from vG did not react immediately to the visual perturbation by co-
activating. Instead, as soon as the visual perturbation started, subjects relaxed and only after some 
hundreds of milliseconds (>>600 ms) did they started increasing their co-activation level. In contrast 
to subjects from cG, this increase in co-activation did not overshoot and instead increased gradually. 
After this initial increase in co-activation, subjects remained at a constant level for some period of 
time, but after they slowly increased further their co-activation level. This second increase in activity 
did not lead to a reduction of the target error (possibly due to inaccuracies in the model at high co-
activation levels). Despite this, subjects kept co-activating, suggesting that for this task, subjects may 
have tried to minimise variability instead of mean accuracy or energy.  
Figure 6.3 – Evolution of absolute error during a) static and b) tracking tasks for both cG subjects (solid-blue)
and vG subjects (dashed-red). Overall levels without considering the first 30% of the trial (trial duration varied
between 10-20 s, depending on the subject’s performance) are also shown in static (c) and tracking (d) tasks. 
Figure 6.4 – Evolution of co-activation levels during a) static and b) tracking tasks for both cG subjects (solid-
blue) and vG subjects (dashed-red). Overall levels without considering the first 30% of the trial (trial duration
varied between 10-20 s, depending on the subject’s performance) are also shown for both static (c) and tracking
(d). 
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While for the static task deviation was different between experimental groups (Mann-Whitney test 
 .p 0 01< ), the context-relevant visual feedback that was provided to vG subjects made people co-
activate proportionally to the level of visual disturbance and similar trends were observed between 
groups (see Figure 6.4c).  
Whereas observations from the static task indicate that the neural mechanisms to promote co-
activation were different across groups, i.e. cG seemed to have relied more on fast automatic responses 
while vG more on voluntary control, we found interesting results during the tracking task. Figure 6.4b 
and Figure 6.4d show the evolution of co-activation levels for both experimental groups during the 
tracking task. Surprisingly, the delay observed in vG to increase co-activation level was significantly 
reduced when tracking. A slight relaxation was still observed just after the presentation of the visual 
perturbation; yet, this relaxation was replaced immediately by an increase in co-activation in order to 
cope with the demands of the task. Moreover, the co-activation “escalation” (i.e. increase, plateau, and 
increase again) observed in the static task was less apparent during tracking. This suggests that, in 
contrast to the static task, subjects from vG during the tracking task may have relied more on visual 
reflexes (Franklin and Wolpert, 2008) and on-line visual control (Saunders and Knill, 2003) in order 
to modulate impedance. Statistical tests also suggested that both groups had different error levels; 
however both groups increased their co-activation level up a similar extent. Differences in the activity 
level could have been influenced by the simple model we used for providing the visual feedback. Yet, 
this simple model was good enough to let vG subjects successfully deal with the external perturbation 
and modulate co-activation. 
6.3.2 Testing phase 
The three catch-periods during the testing phase tested the effects of mechanical perturbation on 
subjects who learned from visual perturbations alone. Figures 6.5 and 6.6 show the average effect of 
the catch-periods on both absolute error and increase in co-activation. To compare across subjects, 
data pre- (666 ms period), during (333 ms) and post- (666 ms) each catch period was partitioned in 
111 ms intervals for each subject (block). To normalise the increase of co-activation across subjects, 
for each block, the mean of the pre-catch trial period was computed (baseline); then, a percentage of 
increase in co-activation was calculated for each point within a block relative to this baseline. 
Subjects from cG exhibited a slight decrease in muscle co-activation after experiencing visual 
perturbation only (Figure 6.6a). In contrast, subjects from vG exhibited a slight increase in muscle co-
activation after receiving mechanical perturbation. This increase was larger as the level of the 
perturbation increased (Figure 6.6a), which is consistent with an increase in error at approximately 
300 ms after the end of the perturbation (Figure 6.5b). This effect was expected as the reflex arc 
produced after a mechanical perturbation would have increased the amount of activity being recorded. 
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Interestingly, this response did not lead the subjects to increase their overall co-activation level as the 
level of activity returned to baseline levels after this response.  
After the experiments, subjects were questioned about their feelings on the paradigm. 
Interestingly, none of the subjects from vG could tell there were catch trials with mechanical 
perturbation. While some of them reported to be aware that the perturbations were purely visual, 
surprisingly, some participants from vG (and from some preliminary tests not presented here) thought 
they were actually being mechanically perturbed by the device. 
6.4 Discussion 
The capability of us humans to produce such a diverse variety of movements and interact with the 
environment is amazing.  We achieve these by optimising both error and energy (Emken et al., 2007; 
Franklin et al., 2008). Current models of adaptation that take into account both stable and unstable 
environments (e.g. Franklin et al., 2008; Tee et al., 2010) predict first an increase of co-activation (to 
reduce error), and then relaxation (to minimize energy). These models have been extended to provide 
human-like adaptation of force and impedance in robots (Ganesh et al., 2010a; Yang et al., 2011) 
Figure 6.5 – Co-activation relative to baseline before, during and after the catch-period for the control a) and 
virtual b) groups. Each whisker box represents 111 ms of data.  
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assuming that the observations from iterated movements can be extended to continuous adaptation, 
something that has not been experimentally confirmed. The overshooting behaviour (co-activation 
followed by relaxation) observed on subjects from the control group cG, provide experimental 
evidence that this effect of is not limited to a trial-by-trial basis, but also happens in continuous 
adaptation.  
We have previously shown that the only way humans can attenuate the effects of high frequency 
force perturbations (> 3 Hz) is by co-activating antagonistic muscles (Ganesh et al., 2011a). The CNS 
responds to perturbations with reflexes which gains vary according to the context and change in the 
environment (Marsden et al., 1981). Roughly speaking, reflexes can be seen as fast, involuntary 
responses that act upon correcting errors in movements. Delay in the reflex response varies depending 
on its origin, e.g. 30 ms for the monosynaptic reflexes, 50-80 ms for the long-loop reflexes (Evarts, 
1973; Hammond, 1956) or 110-150 ms for visual reflexes (Franklin and Wolpert, 2008). Although 
involuntary, reflex responses can be modulated by higher centre commands. Gamma motor neurons, 
for instance, provide mechanisms to control the sensitivity of the muscle spindles (e.g. gain of Ia 
afferents) and modulate responses for both dynamic and static perturbations.  
Figure 6.6 – Absolute error before, during and after the catch-period for the control a) and virtual b) groups. 
Each whisker box represents 111 ms of data.  
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When an agonist muscle is contracted, an antagonist muscle relaxes by Ia inhibitory interneurons 
to allow movement. Modulation of these inhibitory interneurons allows the coordination of movements 
during voluntary movements and a great variety of behaviours. By the modulation of both excitatory 
and inhibitory signals to the Ia inhibitory interneurons the CNS is capable to either co-contract or 
reciprocally inhibit opposing muscles with one single command (Kandel et al., 2000). In broad terms, 
one could say that reflexes constitute the basic blocks necessary for impedance modulation. 
In the absence of incomplete information from the proprioceptors in our experimental paradigm, i) 
what could be the mechanisms that the CNS used to drive muscle co-activation?, ii) why did subjects 
compensated faster for the visual perturbations during the tracking task than in the static task?, and 
iii) what can it be inferred from the systematic decrease in co-activation just after the visual 
perturbation onset in subjects from the virtual group? 
Human movements are inherently noisy (Faisal et al., 2008). Noise in the motor system arises due 
to the physiological organization of the motor neuron’s pool and their muscle fibres (Jones et al., 2002; 
Selen et al., 2005). In lay terms, the higher the muscle contraction, the higher the noise; a mechanism 
commonly referred as signal-dependent noise. In order to reduce uncertainty about the arising noise, 
we hypothesise that the mechanism that the CNS uses to drives muscle co-activation in response to a 
destabilising visual perturbation is by: i) pausing momentary direct muscle excitation in order to 
reduce signal-dependent noise, ii) increasing the sensitivity of the muscles spindles or iii) altering 
mechanisms of inhibition to the Ia inhibitory interneurons. This proposed mechanism would allow the 
CNS to have a more reliable estimation of source of the external perturbation and is also supported 
by our experimental observations.  
In the static case, subjects from the virtual group (vG) co-contracted with a long delayed response 
to the visual perturbation. Hence, it is very unlikely this co-activation would have been triggered by 
visual reflexes, i.e. direct feedforward commands to both agonist and antagonist muscles in response 
to a destabilising visual perturbation. Instead, subjects relaxed (rather than co-contracted) at the 
onset of the visual perturbation, stayed in this relaxed state for some time, and then co-contracted. 
The CNS may have commanded relaxation in response to the visual perturbation in order to reduce 
uncertainty about the arising noise. In the absence of any muscle contraction (due to the static nature 
of the task), the effect of a change in the sensitivity of the muscle spindles or a change in the balance 
to the Ia inhibitory interneurons by means of the visual perturbation (as proposed) would be 
unnoticeable. As there was no muscle contraction, no reflex responses were elicited. Subjects were 
provided with context-dependent visual cues, therefore, subjects may have eventually realised about 
the nature of the task and started co-contracting. 
On the other hand, during the tracking task, we observed relaxation for a small interval of time 
followed by a sudden increase in muscle co-activation in subjects from vG. This response was fast so it 
is unlikely that co-contraction would have arisen cognitively, as in the static trials. Instead, co-
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contraction could have arisen by the mechanism proposed previously. The nature of the tracking task 
required that either flexors or extensors were activated at the time of the visual perturbation onset. It 
is known that even during voluntary contractions, both alpha and gamma motor neurons are 
activated simultaneously (Hunt and Kuffler, 1951) in a mechanism known as alpha-gamma co-
activation. Thus, if a modulation of both sensitivity of the muscle spindles and greater inhibitory 
commands to the Ia inhibitory interneurons happened, muscle co-contraction would have then 
occurred. This co-activation would have led to further triggering of Ia afferents in both opposing 
muscles. As subjects were provided with context-dependant cues, this involuntary muscle co-
activation would have led to a reduction of the cursor variability, making them continuing to co-
contract. One possible implication of this observed reaction is that the CNS might not have had 
sufficient reliability to determine the source of noise, thus subjects continue to co-activate their 
muscles. 
Relaxation on the cG subjects would have been unnoticeable (or may not even have occurred) as 
the nature of the mechanical perturbations would have caused muscle spindles to stretch, thus 
reducing uncertainty about the arising noise. 
Previous studies on balance and postural control indicate that vision plays a role in the 
determination of H-reflex gain, pointing out significant changes when visual feedback is provided on 
unstable surfaces (e.g. Hoffman and Koceja, 1995; Taube et al., 2008). In addition, it has also been 
shown that inhibition to both homonymous and heteronymous Ia afferents is regulated during co-
contraction of the ankle (Nielsen and Kagamihara, 1993).  While reflexes have been extensively 
studied for the control of balance, walking and posture, to our knowledge, modulation of reflexes 
during upper-limb tasks and the role of vision have received little attention. It is therefore unknown if 
the mechanisms observed from lower limb control directly apply to the control of upper limb. 
Although more rigorous experimental procedures are needed to test the detailed hypotheses, the 
experiments presented in this chapter present interesting insights into the mechanisms triggered by 
destabilising visual perturbations during upper limb tasks. 
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7 Conclusions and future perspectives 
“I am glad to say: There is work enough left for you to do” 
Rudolph Magnus (1873-1927) 
The collection of studies presented in this thesis aimed to advance our understanding of 
sensory-motor interactions. In particular, this thesis investigated two aspects. Part I dealt 
with the investigation of human-human haptic interactions, while Part II investigated 
techniques for compensating the lack of information from one sensory modality (e.g. 
proprioception) by another one (e.g. vision). The main motivation behind was to gain 
fundamental knowledge of processes that could advance understanding in delivering 
efficient neurorehabilitation protocols. This last chapter presents a summary of the main 
achievements and results, and some reflexions on the implications of this work in the field 
of neurorehabilitation.  
7.1 Studies on human-human interaction 
For more than hundred fifty years, the study of human motor control has been devoted, broadly, to 
the study of walking, saccades, and free arm movements. It was not until the 1980’s that robots were 
seen as a suitable tool for the systematic investigation of human motor adaptation and control. 
During this time, the investigation of how humans deal with physical human-human interactions has 
received little attention. Conversely, social scientists and physiologists have devoted great amount of 
time in investigating and formulating theories about non-verbal and non-haptic human-human 
interactions. In view of this, there are still a great number of questions that demand clarifications 
regarding human-human interactions, especially in understanding how physical interactions occur at a 
lower level. 
Understanding the processes behind the control of complex, coordinated, multi-joint movements 
that humans are able to achieve is a difficult task. Adding an extra level of complexity by trying to 
understand the interactions between two people not only make the study of these interactions 
relevant, but also makes it hard for systematically analyse the data. To study these processes, one has 
to start by looking at simpler movements in a controlled environment. In this regard, a dual-wrist 
interface, Hi5 was developed for the purpose of studying these interactions, which was presented in 
Chapter 2. This simple yet versatile interface served as the basis for many of the experimental 
paradigms presented in this thesis. It is worth mentioning, that the modular software/hardware 
architecture I developed allowed easy interoperability between users (as experimenters). More 
specifically, at some point there we were up to five people carrying out different experiments under 
the same architecture. The modularity of the software allowed me to provide users with upgrades of 
the different functionalities in an easy and coordinated manner; the hardware setup allowed the 
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changing between solo and dual scenarios between experimental setups of the different users to be 
done in a quick and organised fashion. 
The series of experiments presented in Chapter 3 using this simple device provided insights on the 
mechanisms of interaction during physical human-human collaborative tasks. It was found that, in 
order to attenuate external mechanical perturbations during a periodic tracking task, dyad partners 
prefer to increase the amount of interaction forces than to co-activate antagonistic muscles. This 
choice was not limited by the capabilities of the dyad partners to damp perturbations by co-
contracting. This increase in interaction forces has been observed in other studies and there is a 
hypothesis that this increase in force may serve as a “haptic channel of communication” between 
partners. In contrast, the results from Chapter 3 suggest that this increase in force may be just a by-
product of unsynchronised forces and predictive sensory attenuation.  
It was also observed that in some cases dyad partners switch between strategies. In order to 
investigate this closer, a strategy classification system was developed and a novel experimental design 
that allows inducing specific interactions between dyad partners was introduced. Although retention 
of the induced behaviour was not addressed in this experiment, it was shown that implicit visual cues 
are effective in shaping interaction forces. This experimental design allowed closer evaluation of how 
transitions between strategies happen. First, it was noted that different dyads adopt different baseline 
behaviour, suggesting that solution for the task is not common to all dyads, but specific to each 
particular dyad. Secondly, it was observed that transitions from an induced strategy to a baseline 
happens smoothly, but there were also cases in which dyads alternate between induced and baseline 
behaviours, suggesting that multiple memories influence interaction and motor behaviour. It was 
hypothesised that this behaviour may be an indication of dyads trying to achieve a certain level of 
synchrony. In this regard it was found that analysis from muscular activity reveal low-level synchrony 
between dyad partners more adequately than analysing interaction torques alone. Analysis using 
cross-wavelet transform and cross-wavelet coherence were introduced as a method for evaluating 
synchrony between dyad partners.  
Given the encouraging results obtained in these studies, there are a numerous interesting questions 
that can be investigated from here. There are of course infinite possibilities, right-handed versus left-
handed, non-periodic tasks, individual versus dyad behaviour, strategy retention, etc. In an effort to 
try unifying theories from behavioural studies and human motor control, the line of study that I 
believe deserves most attention is to look at synchrony of one person interacting with different 
partners at different times. In particular, I plan to utilise the tools I have developed in this thesis to 
investigate interactional synchrony at the level of haptic interactions. 
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7.2 Studies on visual feedback to compensate for the lack of 
proprioception 
Encouraged by the questionable benefits that complex devices bring to improve functional outcomes 
during physical neurorehabilitation, compared to just increase practice using traditional methods, 
research groups have started developing simpler versions based on the assumption that movements 
are relatively straight. 
Chapter 4 started questioning the reasoning for the use of simple devices in training complex 
motor skills. It first presented a study to determine the amount of lateral deviation that occurs during 
common daily activities such as pick-and-place objects, drinking and eating. Consistent with previous 
studies we found that movements are not straight but slightly curved; the amount of curvature 
becomes more pronounced on sideway pick-and-place and drinking.  Although the amount of lateral 
deviation could be consider negligible, a following pilot study showed that when stroke patients 
perform reaching movements when constrained in a mechanical channel, patients rely significantly on 
the wall of the channel to successfully complete the movement and present big variability in the 
lateral forces they produce. The main message from that chapter was that one should have in mind 
the possible side-effects of using simple devices for training in rehabilitation, and alternatively simple 
devices can be used for the quantitative assessment of motor performance before and after 
rehabilitation. 
The results from that chapter served as a motivation for the studies presented in subsequent 
chapters. In addition, the ideas presented in that chapter already represent part of the approach being 
used for developing quantitative metrics of performance within other projects at the Human Robotics 
Group, in which I am also involved.  
Chapter 5 followed with an experimental design that was aimed at testing the effectiveness of 
visual feedback to compensate for the lack of proprioceptive error to drive adaptation when 
movements are mechanically constrained. It was shown that a dynamic task can be learned properly 
solely by using of visual feedback, and that the learned behaviour is transferable from virtual to real 
dynamic environments. Consequent experiments tested the effectiveness of visual feedback to maintain 
a learned dynamic in unconstrained conditions. I was also shown that task-relevant visual feedback is 
an effective technique to aid retention of a learned dynamic when switching from an unconstrained to 
a constrained environment. 
 The results from that chapter are relevant to the field of rehabilitation and the continuation of 
this work has already been started. In collaboration with Fondazione Salvatore Maugeri (Veruno, 
Italy) we are running an experiment in which post-stroke patients train in a constrained environment 
but are provided with task-relevant visual feedback using my proposed technique. 
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In order to make propositions about the use of visual feedback modalities to compensate for 
proprioception, the role of impedance modulation has to be examined. The last chapter, Chapter 6 
presented a novel experimental design that closes the loop with EMG recordings to adjust visual 
feedback online to induce modulation of co-activation of antagonistic muscles. The study on that 
chapter provided evidence that task-relevant visual feedback is sufficient to modulate different levels 
of co-contraction. It also supports the hypothesis that the CNS may not be able to distinguish 
between process and feedback noise. In addition, results suggest that destabilising visual perturbations 
may induce gain changes in muscle spindles rather than direct feedforward commands to co-activate 
antagonistic muscles. 
On this last study of visual reflexes, there is the need to understand more in depth the low-level 
mechanisms for this behaviour. In this regard, I plan to look into more detail the hypothesis of reflex 
gain modulation. First, more attention will be given into the experimental setup details. Specifically, if 
one wants to provide strong evidence on this, small details such a visual display delay effects, EMG 
movement artefacts, electrode positioning, etc. should be very well controlled. Secondly, it is known 
that H-reflex can serve as an indicator for changes in reflexes gains. Therefore I plan to go in this 
direction to provide stronger evidence on the results presented in this chapter. 
7.3 Reflexions on applications for neurorehabilitation 
While the majority of studies presented in this thesis were not directly linked to rehabilitation, one of 
the major motivational factors that drove my efforts in studying human sensory-motor interactions 
was to gain a better understanding on the processes behind interactions that are commonly seen 
during physical neurorehabilitation practices. I strongly believe that better understanding of these 
processes will translate into better clinical outcomes in future. 
As mentioned earlier, the number of mechatronic devices for rehabilitation has spawned drastically 
during the last two decades. More recently, during international meetings (e.g. International 
Conference on Rehabilitation Robotics (ICORR) 2009 and 2011), the scientific community has 
commonly agreed that the main effects of robot therapy are unclear, therefore research efforts are now 
shifting towards the development of assessment tools and quantitative metrics of performance in order 
to build up a rehabilitation science. 
Based on the unclear role of robotics and the evidence that the motivational factor plays big role 
on the outcomes of a therapy, in the last few years, there has been a huge effort in developing games 
for rehabilitation. One just have to search the web with the term “games for rehabilitation” to 
encounter hundreds of webpages talking about different motivational games for the disabled; one can 
encounter from specialized websites (e.g. Games4 rehab) to journals (e.g. Games for health, Mary Ann 
Liebert, Inc) dedicated entirely to this topic. While this increase in the development in games is 
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worthy, my major concern is that there seems to be a general tendency to develop technological tools 
for the disable without really understanding the processes that may either hinder or boost recovery. 
I believe that the unclear results in rehabilitation robotics are due to the fact that we have not 
really understood the complex processes of sensory-motor interactions. Physiotherapists training with 
stroke patients constitute a common example of human-human physical interaction and if one aims at 
developing robotic systems that allows natural interactions, one must first understand how these 
interactions occur. For example, previous assumptions about human-robot interaction have suggested 
strategies with a clear leader/follower role. However this pure leader/pure follower approach does not 
happen in humans, and in fact, recent human-robot interaction studies have shown better results if 
more flexibility is allowed in this hierarchy. Consequently, understanding how humans collaborate in 
tasks requiring mechanical interaction is not only an important new field of research but also critically 
important in any field involving robots interacting with humans. Haptic guidance and simple devices 
may hinder learning, but by investigating mechanisms of sensory-motor interactions we may be able 
to implement simpler and more efficient rehabilitation protocols without compromising recovery. 
There is no rule which technique will work the best, but for ethical and economic reasons, I 
strongly believe that therapy should rely on sound theoretical formulations on sensory-motor 
interactions and not on heuristic approaches; my effort put into the work presented in thesis followed 
this trust. 
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